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THEME

The recent past has seen a great proliferation of avionics equipment and subsystems
to meet new and expanded mission requirements resulting in very large systems.

Not only are the actual numbers increasing, but also they are now appearing in all
parts of the frequency spectrum, many of them simultaneously.

The application of these systems in aircraft and the resulting mobility of the ground
forces results in a very dynamic ever-changing highly interactive environment.

Within the equipment and the subsystems themselves we have witnessed a dramatic
change in the technology used. The use of spread spectrum, new synthesizer techniques,
large scale integrated circuits, multiplexing of antennas, new power generation and switching
techniques are but a few. New levels of interference are being encountered as a result of a
greater number and closer spacing of channels and the utilization of new energy levels,
and at the same time a desire to go further into the noise to receive desired signals.

Therefore, it would seem appropriate to re-examine this area and provide a reassess-

ment of how we can provide new systems to meet an operational requirement on a cost-
effective basis.
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l : DEFINITIONS AND FUNDAMENTALS OF ELECTROMAGNET IC
3 NOISE, INTERFERENCE, AND COMPATIBILITY / /

G, H. Hagn
Stanford Research Institute
; 1811 North Kent Street
Arlington, Virginia 232209
' USA

SUMMARY

The terma electromagnetic noise, interference, and compatibility are d2fined, and som¢ o! the dif-
ferent definitions for these term¢ in current usage are discussed with cmphasis on international defi-
nitions. For this paper, unoise is defined as all electromagnetic energy except that assuciated with the
desired signal for a specific system of interest. Categories of nolse arv specified according to scurce:
undesiryd signals from intentional radiators, noise from intentional radiators other than the desired
signal from that radiator, and the noise that is generated by unintentional radiators, Interference is
considered to be an undesirable effect of electromagnetic noise upon a system uor subsystem (i.e., the
degradation produced) rather than as a cause or source of noise, Electromagunet!c coupatibility is the
condition that prevails vhen telecommunications equipment is collectively performing its individually
assigned functions in & common electromagnetic environment without causing or suf{fering unacceptable
] interference, Selected aspects of the fundamentals of noise, interference, and compatibility are dis-
cussed, and suggested definitions for these turms are offeved for the purpose of this meeting.

. 1. INTRODUCT IOR

The radio irequency spectrum is a reusable quantity having the dimensions of frequency, time, and
space; and our telecommunications® systems are users of this "invisible resource,” as LEVIN (1971) has
called it. The multidimensional spectrum is occupied primarily by electromagnetic noise from natural
and man~uade sources; desired signals for any given system account for only a small part of tt (Fig, 1).
To get our telecommunications systems to operate effectivelv together vhile sharing this resource we must
employ the tools of modern spectrum engineering und management: analyses, measurements, data bases, and
coordination processes (JTAC, 1988). In peacetim> we must accomplizh this within the framework of the
! international regulatory process (ITU, 1968, 1971 1973), and during wartime we must accomplish this
1 through coordination among allies.

The topic of this meeting is electromagnetic noise (EMN), interference (EMI), and compatibility
(EMC); and the subject of this paper is derinitions and fundamentals. For a given syatem, electromagnetic
1 noise is all the electrowagnetic energy in the environment of that system exclusive of that forming the
desired signal., BEMN exists as a fact of life (Fig. 1). Electromagnetic interference is considered here
oaly as an undesirable effect, namely the effect of degradation uf the operational performance of a tele-
communications system ar systems by EMN. The important topic of electronic warfare (EW) is not within
the scope of tnis paper. Electromagnetic compatibility is many things to many people. It can be viewed
as a goal that is achieved when systems or subsystems are able to function adequately in their opera-
tional enviromment without experiencing or cauising unacceptable interference, ENC also can be considered
to be the condition of having reached the goal., This latter interpretation is most consistent with
common (nontechnical) usage of the term compatibility. A useful distinction exists between design EMC
and operational EMC. In many cases it 1s butter to obtain the "solution” during the design of a system
without waiting for the '"problum” to occur during actual operations. The relationship between EMN, ENI, EMC,
and spectrum engineering is illustrated in Fig. 2. Definitions of thege terms that are in coumon usage
are discusred in Sec, 2, and definitions suggested for use during this meeting are presented in Sec. 4.2.

It is difficult to say much that is new regarding the most basic fundamentals of electromagnetic
noise, interference, and compatibility. Textbooks already exist (e.g., COOK, A. H., 1871; FICCHI, R. F.,
1971; TAYLOR, R, E., 1871; WMITE, D.R.J., 1971le, 1971d, 1973; DUFF, W. G. and WHITE, D.R.J., 1973;
EVERETT, W. W. Jr,, 1972), and tuey are being improved. It is useful to categorize the noise sources
that contribute to the composite electromagnetic noise environment according to .heir origin (natural
or man-msde) and, for the man-made zources, according to whether the source of the radiation (or induc-
tion or conduction) is an intentional radiator or not (Fig. 3). Additional subcategories are wentioned
in Sec. 3.1 The papers in the remainder of this session will presumably address most of these sub~-
categories, discusc their technical characteristics and comment on their coantribution to the composite

*

Telecommunications, as used here, is broadly defined to mean any transmission, emission or receptioa
of signs, signals, writing, images, and sounds or information of any nature by wire, radio, visual or
other electroaagnetic syastems,
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electromagnetic noise environment. The units in which the noise (from all the sources) is measured are
fundamental; the present situation is confused becsuse of lack of standardization (see Appendix). Bome
of tha fundamentals of the equally important topics of the effects of noigte on specific systems of in-
torest (1.9., description of the interference it ceuses to these systems) and mitigation of the negative
aspects of the effects by spectrus engineering to produce EMC are discussed briefly.

2, DEFINIT IONS

2.1, Scope of Definition Ciscussion

Technical Advisory Committee (JTAC) [ol the Institute of Electrical and Zlectronics Engineers (IEER) and
the U.S8. Electronics Industriss Association (EIA)] report on the topica of noise, interference, compati-
bility, and related matters (JTAC, 1968): 'Spectrum Engineering—The Key to Progress,” Agreement on

. basic definitions is a requisite for progress in all disciplines including spectrus engineering.

L
b
'E The tera spectrum eng.neering was coined long ago and was used as part of the title for the Joint

Standardization of the definitions of general engineering terms, as well as the special torms used
in spectrum engineering and manageaxent is necessary not only from the standpoint of technical needs but
alzo from the standpoint of regulatory (legal), economic and even social and political needs. Occasion-
ally conflicts arise smmong these needs that impact directly on the definitions, Within the North At-
lantic Treaty Organization (NATO) community, standard definitions for the principal electromagnetic
syabols have been most recently summarised by HALLKY (1974). These aymbols represent some of the basic
building blocks for sound spectrum engineering; standardization of the units for these symbols is im-
portant. Even acronyms and abbreviations are among the useful tools (e.g., WHITE, D.R.J., 197lc), and un-
necessary confusion results when the sames ccronym is used for differeant things.

e et S

& Certain terms are required specifically for working in the area of spectrum engineering and manage-
ment. At the international regulatory level, the International Telecomminication Union (ITU) is the
F recognized authority. The ITU obtains its priuaary technical ‘uput from the International Radio Consul-

tative Committee (CCIR) whick itself draws on support from other groips, Some of these spe~fal terms
have been defined and agreed upon within nonregulstory international groups, such as the Internatioaal
Electrotechnical Commiassion (IEC) which is affiljated wiy.) the International C-genization for Standardi-
] sation, Other terma enjoy national definitions (e.g., the American National Standarda Institute, ANSI,
and equivalent orgsnizations in other countries), and still other terms are defined to facilitate the work
of specific groups some of which, such as the IEEE, have international memberships. The IEEE defers to
the IEC whenever possible (IEEE, 1972). NATO has generated sume definitions (e.g., NATO, 1972). The Ad-
visory Group for Aerospace Research and Development (AGARD) functionally supplements NATO in a manner
somavhat analogous to that in which the CCIK supplements the ITU. LEIVE (1970) and BURTON (1972, 19/3)
discuss soms of the organizational and functional relaticnships of some of these international bodies;

i but the exact details of these relationships, as they pertain to the definitions of technical terms, are
difficult to construct in a simplified format. It may be observed that there is some considerable vari-
ation among definitions of even the most basic terms within the staniard references of theae groups, 1In
addition to the terms in these "standard" references, there are certain terms of controversy that have
not yet achieved even the level of agreement and consistency as those in the references (e.g., some of
the terms used by national groups or subgroups). Still other terms remain as yet undefined and in need
of definition. The terms that form the title of this meeting, electromagnetic noise, interference, and
compatibility, will each be addressed in greater detail and s few other terms will be mentioned to vepre-
sent examples of the terms of controversy anu tarms still requiring some definition., Some comments are
also made on the standard definitions for general engineering practice¢ and the modifications or additions
to them that are necesssry when they ars applied to spectrum engineering.

2.2 Internstional Regulatory Definitions of Noise, Interference and Compatibility

2.3.1. Background

There are no regulatory (legal’ definitions of either electromagnetic noise or electromagnetic
compatibility at the iinternational level, although the CCIR worls on noise and compatibility problems
(e.g., CCIR, 1964, 1974); however, there are regulatory definitions of interference (ITU, 1968, 1$73).
International activities can and do provide useful inputs to t'ie regulatory processes of individual coun-
triss even when no international regulations apply. For example, some of the recommendations of the
International Special Comittee on Radio Interference (CISPR, see STUMPERS, F. L., 1970, 1871, 1973) have
been incorporated into the regulatory processes of several countries regarding limits of emissicns fram
specific types of devices. The CISPR also makes inputs to the CCIR, as do other international groups,
e.g., the International Union of Radio Science (URSI),
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2.3.2, Interforonoe /
The international regulatory (legal) definitions of interferenve are generated by the ITU, o

terw harmful {nter’uronce ham been in usc for a long time. It im defined in Article 1, No, 83 of the

IT' Radio Regulutions (ITU, 1968):

“Harmful Interference: Any emission, radistion or induotion which sndangers the funotioning of
a radionavigation service or of other safety servicer or sericusly degrades, obatruote or re=-
peatedly interrupts m radiocommunication mor .ce."

At its wont recent Plenipotentiary Conference in Toyrowmolinom, Spain, in 1973, the LTU reaffirmed in
Article 4, Purpones of the Union, that the Union snhall in particular:

“a) offoot allovation of tie rad‘yv (requency mpeotrum and registration of radio frequency as-
sigumenta i order to avoid haram. ul interference hetween radio mtations of difforent countries;

b) voordinate efforts to eliminate harmful interferenvce between raiio stations of different
countrien and to improve the use made of the radio frequency speotrum,” (Italics added by suthor.)

Prior to the World Administrative Redio Conference on 8pave Televommunications (ITU, WARC-8T)
tn 1971, harmful interferonve wam the only term with an intornational reguiatory meaning. In the United
Htaton this torwm ham been part of national regulatory process for wmany years (OTP, 1974; FCC, 1974), and
we bholteve that thix im the case in othor countries, At the ITU, WARC=ST in 1971, the conoept of planned
intorfermice wan introducod, awd the torme "avceptable (or unwoceptable)” and "permissible’ incerferesnce
wore unedd, Dofinitions of these torms werv not included in the Final Acts of the WARC-ST (ITU, WARC-ST,
I971).  lowever, Recowmetdations Npa 1-158, Para, 3.13, roquosted the CCIR to study the terme "accoptable
(or unacoeptable) and harmful interferonve” with m view toward formulating vlear definitions, In Para,
2.8, ¢f thix samo recommotdution, the CCIR war wnked to study the oriteria of permisaible interference
for the varios space and tevvestrisl radio commnication worvices sharing the frequoncy bands allooated
by the WARC=81, Study Group 1 (Spovtrum Utilivation amd Munltnrhu)‘ of the CCIR addrossed the matter
of detinitionn of intorforenve in Ueneva in February and Maroh of this year amd agein in July (CCIR, 1974)
and agroed to retain the definition of hammful interferenve utatod above with the replucement of “Any
omiexion, radiation or induotion which edangers ..." by "Any interferenve which vivlangors ,..." The
CCIR Study Group 1 made tho following obsorvations: “"To avold ambiguities, it ia desirable to define
tho term 'interference’ Ltaelf before dofining qualifications or graduations of it, Since the sole
prirpose of a reoeiving syatem {x to oxtract information from a wanted omismion, it apponrs reasonable to
Judge unwanted vuergy by itw offect on such wanted anformation, and to defins that gffoot as interferenve,”
(Italtem addnd,)

Neveral definitions wereo put forward, The definition preferrved by Study Groven ! was: "ln_to_l:
torenve, The effeoct of we or a vombination of vaiscions, radiat lons, or tnductions upon reception in
a vadiocommunication systom, wanifestod by any dogradsetion, misreprosentation, or lnss of information
whioh could be extracted in the absonce of such unwanted onergy,”

An altornative myggontion wan: "llltol‘ft’l‘gl_\_\!. The effeot of unwantol oncvigy represontod by
one or a combination of emtanions, vadiations, or inductions, upon reception in n radiccommunication
nyntom, manifeated by any degradation, mtsropresontation or loas of tnformation,"”

A rmimplor dofinition han alxo boon suggosted: "lmorfovm\vg. The offeot of unwanted onergy
comprisoed of one or a combination of emissions, radiationm, or imiuctions, upon reveption in a radio-
communication systom, "

The CCIR Study tiroup 1 also observed that in connocotion with Radio Regulations (ITU, 1u68,
1973), there in nood for a term for a snignal dotermined to by a oaure of interforencve:

"Interforing wignul, An emission, radiation, or induction originating in a redioccmmunication
nystom, which ln dotormined to be the cause of interforence."

A undonired mignal her the potential to vaume intorforencve, tut it does not buuvome an interfering signal
until 4t has camimed degradation,

No formal CCIR Recoscndation wan forthoaming, ovon after conniderabhle ¢ffort wam made to reach
wgroemont on the defintition of vhin most banic term, interference. This obaervation (s not made as &
ordticism,  Ou the contrary, che CCIR Study Urodp 1 is to be commendod for its efforts. The report
(CCIR, 1974) wan acooptod by the X1IIth PMlenary Asmembly of the CCIR in Getova in July, This oxample

L)

An ad noo working group on definitions, chaired by Mr, R, C, Kirby (USA, ourrently Direotor, CCIR,
Goneva), provided a fooal point for gexersting muoh of the information contained in the remalnder of
Seo, 4.2.3.
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1ilustrates that considerable effort will be required to obtain international regulatory definitions of
B0, MMI, BNMC, and related teras.

The term "unacceptable interforence’" was used in the Final Acts, WARC-ST in Bec. IX, Space
Racio Telecommunication Services, 470VA, Spa 2, Pa<a, 38, regarding protection for geostationary satel-
lites from nongeostationary ipace stations in the Iixed-satellite service (and their associated earth
stations), and footnote 470VA.1l, Spa 3 added that "The level of unacceptable interference shall be fixed
by agresment betwesn the administrations concernod, using relevant CCIR Recommendations as a guide."
This same footnote is repeated as 470VE.l in Para. 26, regarding satullite networks, These terms were
used without precise definition in the Final Acts of the WARC-8T (1971) and became part of the ITU Radio
Regulations on 1 January 1973, When theo CCIR Study Group 1 addrescsed defining acceptable (or unacceptable)
interference at ita February-March 1974 meeting in Geneva, other terms (e.g., permiscible interference)
also were discussed:

"“Therc may be associated with vhe plianing cr operation of any service, or with any frequency-
sharing situation, a low degree of interterunce, or a shering criterion, which if complied with,
is intended to assure satisfactory perforaance, This degree of interference is variously re-
ferred to as negligible, tolerable, permissible, etc. System planning and coordination must be
conducted on such » basis, relyiig on quentitativo predictive tools which allow predicted in-
terference to be bounded by suitable quantitative criteria. Buch coriterie may be agreed intor-
nationrlly in the C.C.I.R, or adcpted as a matter of Radio Regulation. A definition is pro-
posed which emphasizes the authoritative nature of the international agreements required for
quantitative criteria for such permissible interference:

"Permissible interference. Observed or predicted interference which complies with
quantitative interference and sharing criteria sontained in the Radio Regulations
or in Recommendations of the C.C.I.R, or in regional agreements as provided for in
the Radio Regulaticns.”

"In certain services, interference not complying with the criteria for permissible inter-
ference, may be regarded immediately as harmful. In other services, there may exist a range
of interference between peraissible interference and harmful interference, in which the
interference may be accepted by agresment betweon the administrations concerned or may be
regarded as unacceptable. Views representing various services are contained in the documents
of several Study Groups."

There was general agresment that as one escalated from no interference toward harmful inter-
ference one would next have permissible interference. Figure 4 gives a general interpretation and
references to CCIR documents used as working papers at the meeting. Two basic questions were involved:
(1) Should there be a range of severity of interference between harmful (as hiatorically defined) and
permissible (as defined above) for the various types of service, and (2) if such a grey area or 'margin'
were to be defined what should it be called? Representatives of most of the types of service (except
broadcasting and radio astronomy) concluded that there should be such a grey area, but no real concensus
emergnd about what to c¢all it,

Some delegates expressed the view that definitions of the concept of acceptable or unacceptable
interferonce attempt to define the obvious. Instead of definitions, the following oxplanatory text was

suggested:

"Permissible interferonce and hermful interference could have in some radiocommunicstion sorvices
different quantitative values 30 that there axists between these two values a margin in which

a given interference exceeding the permissible interference is accepted mutually by agroement
between the adwministrations concerned. The 'acceptable interference' and 'unacceptable inter-
ference' referred to in the Radio Regulations ure situated in this margin.”

Nevertheless, a number of delegations felt that a definition should be considered, and tho
following definition was discussed:

"Acgeptable (or Accepted) interference. Interference which does not, or doss not appear to,
comply with quantitative oriteria for permissible interference, but is nevertheless “:v agreement
between the administrations concerned, considered to be acceptable for an existing or plenned
system, without prejudice to services of other administrations."

Tho conclusion reached by the CCIR in Geneva read as follows:

"Tentative, and in some osses alternative, definitions have been suggested for interference,
interfering signal, harmful interference, permissible interference and acceptable (or un-
acceptable) interfererce.

"Further study of th~se terns, and efforts to apply their definitions in practical planning
and operational situuiia.~, may be expected to lead to their improvement or replacement by
the time of the XIVth Plena»y Assembly in advance of the planned 1979 Aduinistrative Radio
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Conference, In particular, service-oriented Study Groups are urged to consider tho quantita-
tive interference and sharing criteria which will be essential to meaningful use of the quali~ / ]
tative definitions." e

The suthor believes tha: a margin or grey area should be defined betwee. permissible and harmfus
interference for use by certia.n types of service. The author prefers a scale of severity of interfereiice:
none» permissiblos nagotiables hexmful, The term none would equate to the condition of no degradation.
Permissidble wsould correspond tc the amcunt of degradation permitt»d under the ITU Rules and Regulctions,
Negotiable would correspond to more desgradation than that permitted by the ITU Rules and Regulutions but
less than any of the interested parties would finally agree was truly harmful (as detined in the ITU
Rules and Regulations), Such s negsotiated level of interference would, after negotiation, be "acceptable”
to the negotiating parties but it wouid noi apply to others, Various proposed levels in thiz grey area
upon which agreement has not been reachud might be termed 'unacceptable” prior ic agreement on a final
"acceptable” level. These terms are qualitative; the boundariec between tue categories still require
analysis and technicnl guantification, After this quantification has becen uccomplished for each type of
service the boundaries could be plotted on an absolute scale analogous tu the relative scale used in
Fig. 4. VWhen this 1s done, the boundaries probably will not be aligned evenly as they are in the concep-
tual representation of Fig, 4. The boundary hetween nore and permissible coulu correspond to the miniuum
interterence threshold (MIT, e.g., KRAVITZ, F,, 1973), and the bovndary beiween permisslble and negotiable
could be quantified by the CCIR for the various typos of service, There may be utility to a f£fiim boundary
between permissible and negotiablu, while it mey be useful to leave the ooundary botween negotiable and
harmful subject to interpretatinn on a case-by=case basis.

2,3, International Technical Definitions of Electromagnatic Noisc, Interferunce, and Compatibility
2,3,1. Electromagnetic Noimse
There are no NATO or Allted Communiontion Publication (ACP) definitions of electromugnetic noise

(JC2, 1871/1973). The dofinitions of electromagnetic noiso available from several other sources are
observed to be different, and the terms nuise and disturbance are sometimes vsed intoerchangeably (Table 1).

TABLE 1 DEFINITIONS OF ELECTROMAGNETIC NOISE AKD ELZCTRMAGNETIC LISTURBANCE

Term IEEE Lictionary, 1972 IEC International Electrotechnical Vevabulary (IEV), 19%3
Electromagnetic| An electromagnetic disturbance| An electromsgnetic phonomenon that doee not correspond
noise that is not of au sinuscidal with any signal end that ie uaually impulsive and random

character, but may be of a periodic nature,

Note: In some countries, periodic phenomena are not
encompassed by the term ''noise.”

Electromagnetic| An electromagnetic phencmenon Eleciromagnetic noise which is liable to be super-
disturbance that may be superimposed on a imposed on a wanted signal,

1.
wanted signa Note: The two terms above have very similar meanings

and in some countries the definitions may te the ro-
verse of those given abovs.

Some of the terms in the IEEE Dictionary (1972) were submitted to the IEC in the preparation of the In-
ternational Electrotechnical Vocabulary (IEV; JIEC, 1973) by the IEEE Group-27 on EMC. It is interesting
to note that the IEEE Dictionary attributes at least part of its source for the definition of electro-
magnetic noise to CISPR, which prepered Chapter 902 of the IEV. The point of all this is not to find
feult with either the IEC or the IEEE* but to note that thure are stlill inconsistencies among their docu-
ments regarding the definition of electromagnetic noise. These inconsistencies are most difficult for
the neophyte who attempts to use ''standard" terminology when writing a paper or report or attempts to
read one.

The author's personal preference is to consider all electromagnetic energy but that conveyirg
the intelligence in a desired (wanted) signal (or energy required to extract the intelligence such as
reference tone) as electromagnetic noiase,

2.3.3. Interference

This topic was discussed in the international regulatory sense in Sec. 2.2, Here the discussion
focuses on additional technical aspects. There are two besic causes of confusion regarding the term in-
terference: (1) The term is commonly used to describe both a cause (i.e., source, e.g., <TS 1871/1973;

R .
The IEEE Dictiouary statos that the IEEE Technical Committsez have been instructed to give preference 1
to IEC Recommendations, and obvioualy the IEC has benefittsd from many IEEE suggestiuns,
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Y : NATC, 1872) and an effect un a victim system (e.g., IEC, 1973j. Webater's New Collegiate Dictionary
| : (1971) dafinsc iiterfarence as "confusion of received radio signals due to strays or undesired signals,"”
: . and also a3 "'something that produces such confusion'; and the IEEE Dictionary recognizes the fact that
' //L' both uses ¢f the term are common (IEEE, 1972). The IEEE definition applies to signal transmisgsion sys-
tems., Table 2 summarizos these dufinitions. (2) The terms noise and interference sre commonly uzed

TABLE 2 COMPARISON OF DEFINITIONS OF INTERFERENCE

: | Bource Tarm and Definition )
E IEC, IEV} Electromagnetic interference: Impairment of che reception of a wanted electromagnetic sig~
E 1973 nel caused by an unwanted eloctromagnetic signal, nr by an 2lectromagneti: disturbance.
JC8 Interference: Any electrical disturbance which causes undesirable responses in electronic
1971/ equipment.
1873
f NATO lnterferonce: Interference is define” ar any electrical or electromagnetic disturbance, !
; 1972 phenomenon, signal or emission, manmade or natural, which causes or can cause undesireu re-
5 sponse, malfunctioning or degrudation of performance of electrical and electronic equipment,
d or premature and undesired location, detection or discovery by enemy forcee, except de-
liberacely genersted interference (electronic countermeasures).
1EZE interference: FEither extransous power, that tends to ipterfere with the reception of the de-
1972 sired signuls, or the disturbance of signals that rerults.
Note: Interference can be prnduced by both natuial and manmade sources either external or
internal to the signal transmissiun system.
t lacerchangeably.

The author's preferenco is to consider noise as a cause and the interfereuce that may

result as an effect, The JCB8 (i971/1975) dofinition uf harmful interference is identical to that given

by ITU (1968) excent that it adds "operating in accordance with international regulations” to the end of
tlie ITU definition,

2,3.3. Electromugnetic Compatibility

The term electromagnetic compatibility was coined to give a positive focus to the field of
endeavor that had previously been called radio frequency interterence (RFI) and prior to 1964 the IEEE
Transactions on Electromagnatic Compatibility were called IEEE Transactions on Radio Frequency Inter~
ference. As stated in Sac. 1, EMC is many things to maay people. To some it is a goal towaxrd which to
\ strive in desigining and planning for the deployment of systems. To others it 1s an operational state
E in which harmful interference does not e¢xist. There is no defirition of EMC in ACP 167(C), as promul=-

E gated by the JCS (1971/1973). To the IEEE (1972), IEC (1973), and NATO (1£73), it is a capability of
4 electronic equipment or systems as described in Table 3. All turee of these definitions are similar to
the U.8. Depurtmont of Defense definition (DCD, 1967/1972), which has been a. od to Table 3 for comparison.

T TP

FABLE 3 DEFINITIONS OF ELECTROMAGNET IC CCMPATIBILITY

Source Definition

1EEE, The capability nf electronic equipments or systems to be operated in the iatended operational
1972 eleciromagnetic environment at designed levels of efficiency.

IEC, The ability of signals and interference to coexist without loss of the informaticx contained
1973 in the wanted signal.

RATO, The capability of aircraft electrical and electronic systems, subsystems, assemblies and equip-

1973 ment to operate, as installed on an aircraft, without experiencing degradation of performance
beyond specificutiocn limits due to mutual interference,

DOL El« ctromagnetic compatibility (ENC) is the condition which prevails when telecommunications

1967/ | equipment is collectively performing its individually designed functions in a common electro=-
1972 magnetic environment without causing or suffering unacceptable degradation due to uninten-
tional electromagnetic interference to or from otier equipnent system in the same environment.

The NATO (1973) derfinition is limited to aircraft applications; and, appropriately, there has been a
wajor smphasis on intrasystem EMC. A discussion of the analysis of intrasystem EMC in large ground and
aorospace systews has been given by HIEBERT and SCHARFF (1974) and a discussion of intersystem EMC was
Ziven by DUFF (1973). DUFF (1973) also discussed the advantages and disadvantages of both measurements
and analysis for this class o! EMC problems.

The author prefers the NATO, DOD, and IEEE definitiuns to the IEC definiticn because the lacter
does not allow for planned interference (see Sec, 2.2.2,) which, while causing some loss of information,
is not "harmful," A good case can be made for considering EMC to be a <ondition as well as the cepability
to achieve a condition (e.g8., as pertinent to operational and design EMC, respectively).
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5 _ 2.4, National Adwinistration and Group Definitions ’

: ~
4 . Many of the intsrnraticual definitions discussed in the preceding paragraphs are adopted by national
administrations and groups and thewe groups suggest definitions to the international organizations. It

18 beyond the acope of this paper to do more than acknowledge that numerous definitions of noise, inter-
ferance, and compatibility exist st this level. It might be noted in passing that the U.3. DOD (1967/
1972) found it convonient to distinguish between design and operaticnal ccmpatibility:

"Design compatibility *s EMC achieved by incorporation of engineering characteristics or fea-
tures in all eleciromagnetic radiating and receiving equipments (including antennas) in order
to eliminate or reject undesired signals, either self generested or external, and enhance
operating capabilities in the presence of ratural or man-made electromagnetic noise,

Operational compatibility is ENMC nchieved Ly the application of C~E equipment flexibility to
ensure intarfercac:wirre operation in homogeneous or haterugeneous enviromments of C-E equip-
ments., It involves the application of sound frequency management and clear concepts and doc-
trines to maximize operational effectiveness., It welles lLieavil on initial achievement of de-~
sign compatibility.”

- T T T

2.5, Terms of Controversy

It may «7vear that at the intirnational regulatory level all definitions involve terms of controversy
except, rerhops, havmful interference, which is usefully vague and which has been employed for a long
3 time, A numbLer o1 differences still remain to be worked out at the international technical level be-
tween the defiritions pot forth by the IEC, IEEE, etc. Controversy still exists, for example, over the
varinus d2finitions of system and subsystem. The IEEE (1972) defines system as "an integrated whole even
though composed of diverse, intecracting, specialized structure and subjunctions,” and subsystem as "a
division of a syster that in 1tself has the characteristics of a system,” SACHS (1974) has taken the
opposite approach and defined a system as "a conmbination of sub-systems that performs a specified opera-
1 tional function,” and a subsystem as "any conbinatlon of circuit components that performs s specified
technical function.” These definitions seem reasonable enough until one attempts to apply them to a spec-
trum engineering problem, Just a= one man's signal is another man's noise, so one man's system is another
man's subsystem. If a system is composed of subsystems it aay be necessary to Jefine interfaces between
the subsystems for the purpose of specifying EMC performence. The hierarchy of component, equipment,

3 subsystem, and system can be useful for some applications, but it is beyond the scope of this paper to
3 pursue this topic further,

op— T

2.6, Concepts and Their Related Terms Requiring Dzfinition

] Many concepts related to spectrum engineering and mansgement, when better formulated, will generate

1 terms requiring definition. One such concept for which a definition has recently besea put forth is that
of an EMC figure of merit for a system (or subsystem) based upon the concept of channel denial (HAGN, G. H.
and LUSTGARTEN, M. N., 1874). This concept pertains to the capacity for compatibility of specific equip=-
ment as deduced from measurements one can make in a laboratory as differentiated from their actual opera-
tional performance in any given situation. Extensions of this concept (and definitiocn) may be required.

Another important concept that requires definition is spectrum saturation. This topic was addressed
by JTAC (1968), but specific criteria were not developed, Channel occupancy has been defined by DAYHARSH
et al. (1969), HAGN et al. (1971, 1973u) and others (e.g., BARGHAUSEN, A. F. and HAILEY, L. G., 1974). It
is possible to develop algorithms relating waiting time to access a channel to channel occupancy. One
could then observe occupancy, estimate waiting time, and define saturation of a given channel to occur
when the mean waiting time (or some other statistic) exceeded a given value (chosen to be germane to the

mission) for a given percentage of the time. Other definitions of saturation in a given region should
be explored for channels, bands of channels, etc.

Spectrum pollution by unintentional radiators was addressed by PETERSON (1974), in a session at the
International Conference on Commnications titled "The Radio Spectrum-~Polluted Pond or Flowing River"?
which revicwed the activities of the JTAC. Peterson notes: 'The performance of many radin systems is
limited by man-made rar o noise, but relatively few definitive data are available regarding the sources,
characteristics, or eftects of the noise. Even less is available concerning the impact of man-made noise
on spectrum utilization and its economic significance. Discussion of noise characteristics and changes
with time have been made difficult in the past by the lack of consistent, widely accepted definitions and
units along with reliable standardized measurements, procedures and equipments."

Having considered the definitions of noise, interference, and compatibility, let us pow consider a
few se¢lected fundamentals that pertain,

3. FUNDAMENTALS

Since it 1s not possible to discuss all the fundamental aspects of electromagnetic noise, inter-

forence, and compatibility in this paper, we will select several of the more important aspects of each !
wf these toples.,
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3.1. Noise

E //_,zé?f The sources that contribute to the composite electromagnetic noise (EMN) environment can be cate-
; gorized as natural and man-made (c.g., Fig. 3) and ench of chese categories can be further subdivided in
a variety of ways (e.g., Fig. 5),

3.1.1. Noise-~A Random Process

It is most fundumental that noise be considered as a random process. BENDAT and PIERSOL (1971)
have defined four main tynes of statistical functions used to describe the basic properties of randon
data: (a) mean-square values, (b) amplitude probability density functions, (c) autocorrelation functions,
and (d) power spectral density functions. The mean-square value, which is simply the average of the
squared values of the time history, furnishes a rudimentary description of the intensity of any random
data. The amplitude probability density function furnishes information on the properties of the data in
the amplitude domair, namely, the probability that the amplitude will fall within some defined range at
any instant of time.® The autororrelation function and the power spectral demsity function furnish simi~
lar information in the time domain and frequency domain, respectively. For stationary data (in the
strict sense) the power spectral density function technically supplies no new information over the auto-
correlation function since the two are Fourier transform pairs.

e e T T ——

a——————

The noise process of interest is the one that is seen by the part of our receiving syster.
where we are attempting to extract information from the desired signal. We need tu describe this process
in order to evaluate the performance of a particular system, and we also need it to design future systems
that are more nearly optimum for operation in specific types of noise environments, The same statistical
tools of the technical trade are required for both analysis and synthesis., We are almost always inter-
ested in a parrow-band naise process that is capable of being characterized by an envelope and phase.
This condition exists when we employ systems where the bandwidth of a bandpass filter is a small fraction
of the center frequency, f , to which the filter is tuned. The instantaneous value of the noime process
at the output of a narrow=band filter can be represented as

n(t) = v(t) cos [2nf, t + &(t)] R

where v(t) is the envelope process and ¢(t) is the phase process. We would like to know the statistics
of n(t) at the output of the various stages of a proposed receiver to facilitate receiver synthesis, but
: it 1s especially important to know it at the output of the predetection filter to facilitate performance
analysis. When we can assume #(t) is uniformly distributed (as we frequently can in the absence of un-

desired signals), we can focus on the envelope statistics that would be chserved st the oatput of a linear
detector.

The average noise power (the mean-square value of the envelope voltage appropriately normalized
by multiplication by the real part of the admittance across which the voltage is developed) is the most
fundamental measure of the noise envelope in the random-process context. The basic unit used to describe
the average noise power is watts (or dBW). For white noise (i.e., noise with an sutocorrelation of zero
except at zero lag), it is possible to divide the average noise power by an effective noise power band-
width to obtain the noise power spectral demsity (PSD) in W/Hz, The contribution to PSD from the external
environment can be expressed in terms of an effective antenna noise factor, F, (CCIR, 1964). For non-
stationary data, the PSD function over a given sample interval still has some utility, provided the

process, while not stationary in the strict sense, can still be considered "stationary enough.” The
definition of F‘ is

I-‘a = 10 loglot. , in decibels , 1)
where
P
n
fn iy : (2)
o

pp 18 the external noise power (in watts) available from an equivalent lossless antenna in bandwidth b; k
is Boltzmann's constant = 1.38 x 10723 J/ x; To is the reference temperature, 288K; and b is the noise
power bandwidth (in hertz). Note that f_1is a dimensionless qi.antity, however, it gives (numerically)
the available noise PSD in terms of kTo and the avallable nojse power in terms of kTob. For this reason,
one commonly sees F. with units attached (e.g., dB > kTob).

Equation (2) can be given as

P =F + B - 204 dBW B 3)
n a

where Pn = 10 loglo Pn» B = 10 loglo b, and =204 = 10 loglo kTo.

*
Tae integral of the amplitude probability density function from minus infinity to some value of interest
is the amplitude probability distribution (APD) function.
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The relationship betwsen !. and the noise power in terms of an effective antenna noise tempera-
ture is given by

t =T /T s (€Y
a 2o
vhere 'r. is the effective antenna noise temperature (in K),. / - ?

Since the noilse level with which a desired signal must compete may result from a combination of
noise zeneruted internal to the receiving system and external noise from the antenna, it is convenient
to expreass the resulting noise by means of NORTON'S (1933) generalization of FRIIS' (1844) definition of
the noise figure of a radio receiver. The system noise factor, f,, can be defined in terms of the losses
and actual temperatures of the various parts of the system, Loss in the circuit is taken here to be the
ratio of available input power to available cutput power and will differ from the loss in delivered power
unless a matched load is used.

1f all temperatures are equal to ro, the aystem noise iactor is given by

f = f - fff
s a l+ctr s 3)

where fc is the noise factor of the antenna circuit, f_is the receiving antenna transmizsion line noise
factor, and f, is the receiver noise factor (SPAUIDING, D. A,, and DISNEY, R. T., 1974). Equation 5 is
presented to emphasize that it is fundamentally improper simply to take the sum oif the antenna nois=2
factor and the receiver noise factor to obtain the system noise factor. Note that what has been termed
processiiag noise in Fig. % is a man-made source in one sense but must be reduced to an equivalent fr value

for use in Eq. (3), while the other man-made sources contribute to fp.
3.1.2. Noise Spectra

It is useful to study the average noise power that each of the sources in Fig. 5 contributes
(or can contritute) to the composite electromagnetic environment as a function of frequency. Figures 6
and 7 show such data, excluding intentional radiators and quantizing noise and natural sources such as
scintillation (which can be viewed as distortion of the desired signal rather than natural noise in the
same sense as the other sources). Man-made noise from unintentional radiators is highly dependent on
proximity to the radiator. The empirical model of SPAULDING and DISNEY (1974) gives average man-made
noise power levels for business, residential, rural, and quiet rural areas. For comparison, atmospheric
noise data for Washington, D.C. in summer are plotted for day and night (CCIR, 1964). Note that, for
the vicinity ot Washington, D.C. in summer, atmospheric noise from lightning tends to be important below
about 10 MHz at night (Fig. 6); end man-made noise tends to become increasingly important when atmospheric
noise drops off with increasing frequency above about 20 MHz. During daytime, atmospheric noise is rela-
tively unimportant above 0.1 to 1 MHz for the same location and season. For this example, galactic noise
is important only in quiet rural areas for frequencies above about 20 MHz. Figure 6 is applicable for
omidirectional vertically polarized antennaa such as a short grounded monopole.

Solar noilse and thermal terrestrial noise tend to be important at the higher frequencies (see
Fig. 7). When the sun is in the beam of a high-~gain antenna, it can be a very important noise source
for frequencies well down into the VHF range. Fignre 7 is applicable for vertically polairized antennas,
Note that Figure 7 also gives receiver noise figures, Fr = 10 l.ogwf (See also Eq. 5.)

3.1.3. Noise Parameters

Many parawmeters besides F. have been used to report the data from noise measurements. For
example, the APD of the envelope process, the average crossing rate (ACR) for positive crossings of a
given threshold by v(t), etc., have been found useful by various workers (see HAGN, G, H., 1973b).

Parsmeters in common usage for measures of the envelope voltage-time waveform y(t), include
the following (GESELOWITZ, D.B,, 1861): ‘

¢« The peak voltage for the time period (T), V_, which can .e defined as the maximum
value of v(t) observed during T, although ng satisfactory definition for this
parameter has yet been standardized (see MATHESON, R. J., 1970; SHEPHERD, R. A.
et al., 1974),

s Quasi-peak voltage, V p’ the voltage of the quasi-peak circuit output waveform
(averaged over time '1‘? that results when the noise envelope is passed through a
circuit with a very short chargiag time and a relatively long discharging time.
Since the quasi-peak voltage d:pends on both the amplitude and the time behavior
of the interfering noise, it has been found useful in subjectively determining
system performance (BURRILL, C. M., 1942), but it cannot be related to other
statistical measures of v(t) analytically, except for special waveforms (e.g.,

a CW signal or a deterministic radar signal).

+ The rms voltage, vrms’ 18 the root-mean-square (rms) value of the envelope voltage, $
v(t), compited over time interval T. :
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A ¢ The average voltage, V.vx, is the average of the detected envelope voltage, v(t)
' for the time interval T.

These parameters are listed in order of their magnitude for a given input waveform (i.e.,
Vp > ng > Vrm. > Vv ). The origins of the parameters V .. (used to compute F,) and Vayg lle in sta=
tistical communication thecory, whereas vp and V p probably c¢volved from a desire to observe an upper
bcund (worst case) of v(t) and correlate it empgrtcnlly with degradation. Frequently, V., . is given in
terms of Ve, V4 = 20 log,, (Vrm./V.v ), in decibels. Data on V, for atmospheric noise from lightning
were presented by the CCIR (1964), and 5atn on Vd for man-made noise were presented by SPAULDING and
DISNEY (1974).

For impulsive noise consisting of nonoverlapping impulses, it is useful to define the impulse
spectral intensity (ARTHUR, M. G., 1974)* to describe the strength of the impulse, The maximum value of
v(t) for any given impulse, V., can be related to the impulse spectral intensity (S4) by the impulse band-
width (b;) of the receiver:

R

i v.=2Sb

where S§; is in volt-seconds (or V/Hz) and b.l is in Hz, For the concept of impulse bandwidth to be useful

and the above equation to apply, the amplitude-time waveform of v(t) must be narrow enough a* the inpat

for the response at the output to be dominated by the impulse response of the filter, When the impulses
; are overlapping, it is inclear whether the concept of impulse bandwidth is useful.

The time history of these impulses is also important. The rate at which the impulses occur
represents one measure in the time domain. Other useful parameteirs include the impulse spacing statistics.,

The units used to report the results of noise mcasurements are not standardized; this has led
to great confusion, waste of considerable technical manpower, and significant errors in analyses. The
apperdix dicussses some of these problems.

3.2 Interference (EMI)

We have observed in Section 2,3.2, that the term interference is commonly used to describe both a
cause of operationzl degradation and the effect of such degradation, Since we have defined the composite
electromagnetic noise ("MN) envizonment to be a cause, it seems appropriate to comment here on how the
effect of interferewce (EMI) can be quantified, prior to proceeding to a discussion of the fundamentals of
electromagnetic compatibility (EMC).

It is fundamental that the effect of EMN upon any given system be defined in terms that are meaning-
ful to the operational users of that system. The degradation produced, as observed at the system output,
must be relatable to some operational scenario (see Fig. 8). Frequently there is a requirement to define
a linkage between the description of the pertormance of the system being degraded as obseived by the sys~
tem and some analytical measure that can be calculated by an interference analyst (e.g., KRAVITZ, F,,
1973). For example, the degradation to a voice communication system might be specified in terms of the
reduction in an articulation scor. (AS, the percentage of the words understood correctly in a system
experiencing interference) as generated by a listener panel. The analyst might be able to compute a
signal-to-noise ratio (SNR) at the system output, and he would then require the relationship between the
SNR and AS for the system of interest. If the system involves nonlinearities, he might also need the
r relationship between the carrier-to-noise ratio (CNR) at the system input to the SNR at the system output.

Among the user-oriented descriptions of performance that might be useful for voice systems are the
articulation score, articulation index (e.g., KRAVITZ, F,, 1973), and perhaps the ratio of the time re-
quired to transmit a complete error—-free message (with the verification) to the time required to read
the message once, With digital communication systems, the user is frequently interested in throughput,f
whereas the system analyst can more readily compute binary error rate (ber)., The relationship between

/

‘ARTHUR (1974) pointed out that numerous terms for impulse spectral intensity have been used in the
literature (e.g., spectral intensity, spectral density, voltage spectrum, impulse strergth and inter- f
ference intenaity), and that none of these terms seem adequate, He also points out the IEEE Dictionary
(1972) definition for spectrum amplitude, (1/m times the magnitude of the Fourier transform of a time=-
domain signal function) is in error; 1l/m should be replaced by the numeric 2. A proposed IEEE standard
for impulse strength and impulse bandwidth (IEEE, 1973) clarifies and corrects this exror.

1h'l'tu-ouglmut was defined by LEWGN and EVANOWSKY (1971) as the ratio of the number of good blocks of data

received to the total number of blocks of data transmitted, expressed in percent. A good block of
data 18 a block that has no bit in error whereas a bad block has one or more bits in error.




ber and throughput usually depends on the protection scheme (e.g., codimg) used, and frequently it is

not possible to have a purely analytical relationship between ber and throughput, except on the avarage

over a long period. PFor radar systems, the opsrator may be interested in such duscriptors as tracking

error, radar range reductioi, and false alarm rate, / - / / !

For all the above cases, there is a need to specify system inputs in terms of descriptions of the
desired signal, the total noise environment, and the outputs, in user-oriented terms. There is also a
need to specify the performance level below which further degradation will be unacceptable. Some of the
fundamentals of system performance analyses are cdiscussed in the following section.

3.3. Compatibility (EMC)

The fundamentals of EMC have been much discussed. This section will concentrate on a tew main
points. The essence of a classical EMC analysis problem is illustrated in Fig. 9. The composite EMN
environment couples into some system of interest and compotes with that system's desired signal. The
ccapling mechanisms of the signal and the EMN may be similar or di !ferunt., The essence of the prchlem
iz to dutermine the effect of the undesired EMN in terms of some measure of the performance of the sys-
tes. that is @eaningful in on operavional context, as discissed in Section 3.2, and to devise a remedy
if the degradation is unacceptable, A first step is usually to cbtain a rough estimete of the gerformance

; of the system of interest in the absence of the EMN (but including system processing noise). If the system
‘ operates adequately for this case, the computation can be Yepeated in the presence ~f the EMN. If the
system performance is clearly adequate for this case, the analysis is complete. If it is not, steps
must P2 taken to increase the level of the desired signal hy increasing the signal power at the source
or lucreasing the coupling to the signal, to decrease the mources of the noise contributing to the EMN,
or to reduce the coupling of the EMN into the system. For example, DELISLE and CUMMINS (1973) considered
mutual coupling effects in optimizing sntenna arrays for SNR, Frequently it is not possible to do more
than attempt to reduce the coupling of the EMN into the mystem., This can be accumplished in various
ways. For exawple, one can increase the distance between the dominant sources of EMN and the victim
system, or one can change the frequency of operation of the zystum; s combination of these remedies may

: be applied. Alternatively, filters or shielding and bonding techniques can be employed to reduce the

4 coupling, or different antennas can be employed. Recently, adaptive antennas have been developed to
increase SNR. These actions may be costly, and it may be necessary to perform more refined analyses.

i EMC anslyses are appropriate at variocus stages in the life cycle of a system (DOSPFNER, T, W., 1972;
JANOSBKI, J. R., 1973, 1973a,b; RIEBERT, A. L., and SHARFF, S. A., 1974). At each phase (e.g., concep: vali-
dation, full-scale development, production, and deployment), it is appropriate to assess the cost-benefit
aspects of recommendations for system modification derived from EMC analyses.

E, Finally, it should be mentioned that many of the tools of spectium engineering, as applied to EMC
H

§ problems, are the same tools required for working on problems in electronic warfare (EW) and in electro-
b magnetic hazards and effects (EHE) due to nonionizing radiation (see CORY, W. E., and FREDERICK, C. L.,

1974). It would be useful for these technical communities to share their analytical tools, to the ex-
tent practicable,

4, CONCLUSIONS ANY; RECOMMENDAT IONS
4.1. Conclusions

The standardized definitions of EMN, EMI, and EMC are likely to change slowly with tiwme (e.g., a
8= to 10-year time constant). The international definitions are tending to converge (the 1979 World
3 Administrative Radio Conference provides incentive), but complete convergence may be more of & goal than
. a fact ia 1984, Continuing effort is needed within NATO/AGARD and the rest of the wurld commuiiity, to
ovarcome the various difficulties (including simple language difficulties) and to work toward the goal
of standardized definitioni., Tuhe "fundamentals" probably will not change much in the mext 10 years, wut
the tools (e.g., analytical models, desk-top ¢ loulators, data base, and measurement instrumentation und
techniques) and knowledge of how to use them should continue to proliferate. The lack of standardization
of the parameters and units used to report noise data has generated much confusion and wasted numerocus
man~years of technical effort.

4.2. Recommendations

The AGARD list of standard symbols (HALLEY, P., 1974) should be expanded to include terms such as
noise power bandwidth and others germane to the study of noise, interference, and compatibility. It is
recommended that the term electromagnetic noise, as broadly defined in this paper, be used to describe
the source of the electromagnetic environment and that the term interference be reserved for the effect
of the environment on a system or subsystem. ENC should be considered as a condition. The following
definitions are suggested for use during this meeting:

s Electromagnetic noise (BMN) is all electromagnetic energy from both intentional and
unintentional radiators (except the desired signel for a specific system of interest).
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o Elentromagnetic intarterence (EMI) is the {mpairment of the extraction of information

Electromsgnatic compatidility (EMC) {s the ccndition that prevails vhen telecowmmunica-

/ / : from a desived electromagnetic signal caused by electromagnetic noise.

tions equipwent .3 collectively performing its {ndividually assigned function(s) in a
common electromegnetic environment without causing or suffering unacceptable electro-
wagnetic interference--or the capability of achieving that corditiom.

The paramsters and units used to report noise data should be standardized, and a mechanisx should be
sstablished within AGARD to accompaisk this for NATO,

APPENDIX: Units of Noire Measurement
A.1. INTRODUCTION

This Appendix describes some of the units used to report the resvlts of noise measurements., The re-
lstionships (or their lack) between the dif rent units are discussed, and some of the problems in at-
tompting to compare noi data taken with different instrumentation are examined. Preferred units are
recommended .

A.2. DISCU3SION OF FACTORS AFFPCTING THE UNITS USED FUR REPORTING THE RESULTS OF NOISE MEASUREMENTS

As observed by VAIKER (1972), "a bewildering srray of different units have beea used by different re-
searchers to report on msasurement of even the simplest of the noise parameters.” He mentioned 19 examples
of units for raporting on noise measurements (see Table A-1l); it should be noted that Table A-1 is far
from complete,

TABLE A~1 EXAMPLES OF UNITS USED TO REFOKT THE
RESULTS OF NOISE MEASUREMENTS

dB cbove k'l‘oa dBn/kHz

dB abcve 1 pV/Mie dBn/m3

dB above 1 uV/w/kHz uW/He

dBuV/m/MHz uv/m/kHz
dBuUA/m/MHz (conducted) W/l

dBm (RMS )MHz w/cn?

dBa (peak)/MHz oW/cm?

ABn Gz Joules (conducted)
dBa/kHlz/m3 Tesla (magnetic)
dBa/(kHz)R 1 < n < 3

To try to tlarify some of the confusion generated by this proliferation of units, let us first con-
sider the elements of a basic noise meter. The noise meters in use today employ four basic elements:
santenna, receiver (through the IF), det :ctor, and astering and/cv data-~processing device (see Fij. A-1).
The aantenna and receive: selact the data spatially and spectrally, respectively. In tne case of a very
narrowband antenns and & wideba d eceiver, the ntenna Ay also contribute to the tpectral filtering
process. The units used to describe the results ol a given measuremen. are docvermined primarily by the
calibrator, detector, and m¢ler, but the antenna and receiver charrcteriitics are often used to normalize
the data in a way that direc'ly affects the units used to report the resulis., Ilst us first consider
these normalixations.

The antenna normalizatiom aepsrates the units that pertain to electromagnstic field quantities from
those that pertain to cirouit quanticties. The an*:inuna u-rmalization involves converting a known (measursi)
cirouit quantity (e.g., voltsgc oxr power) to a field quantity (e.g., field atrergth o. power flux density)
by normalising by a known antenns efieutive length or effective area. Herce, a standard (or calibrated)
antenns must be used, and the appropriate clr.uit equation must be solved, For example, a measured input
voltage is related through a circuit equation to a Thevenin equivalent voltage sou.ce definad as the dot
product of the incident elec ric field strength in V/m and the vector effective length of the antenna in
moters, This is one of the procedures used to calibrate field-strength meters (TAGGART, H. E. and
WORKMAN, J. L., 1969). After this normalization, the received voltage in volts is given as an incidenc
electric field in V/m. Had the antenna effective area been used tc normalize a received power, the units
would hsve bean W/m®,

The receiver normalization involves the eifective bandwidth. The measured noise voltage or power is
observed in same bindwidth. Many workers normalize their results in terms of some unit bandwidth (1 Hx,
1 kHe, or 1 MRz). This is usefu., but it can lead to problems when the effective bandwidth used for the
measurement is not identical to the unit bandwidth being used in the normalization. Care must be taken
to select the appropriate bandwidth for normalization. For example, effective noise power bandwidth as
defined in Sec, 3.1,1., is germane for white noise and average noise power measured with an rms voltage
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detector calibrated with a Gaussiar noise source, The impulse bandwidth as defined by the IEEKE (1973)
is germane for impulesive ncise comsisting of individual (nonoverlapping) impulses and for pesk voltage .
as mesasured with a peak detector calibrated with an impulse generater, /—- 3

The detector in Fig. A=1 was designed to produce the desi:ed statistic of the noise envelope to be
measured. This rtatistic givee rise to the basic paramster to be metered, as discussed in 8ec. 3.1.).
The unit- in whick the statistic are measured depend on the calibration source, the detector, and the
meior (and/or data processor). To avoid confusion it is useful to specify the type of detector as part
of the description of the parameter being meawsured and also to state the method of calidbration used.

It would be useful to consolidate into che vnits the information ou the type of detecior as well as
the type of calibrator used. One method for doing this wou!!’ be ‘o put the type ot detector i: parenthoses
after the electriv?? v. . an. .u use a subscript to indicate the type cf calib. tor, For example, field
strength for noise might be expressed:

das > luV(X)Y/m, or dB > luV(x)Y/l/kliz ’

where

»
]

type of detector (peak, qp, ras, or avg) and

type of calibrator (1 for impulse generator, s for sine-wave generator, and
g for Gaussian noise saurce),

Herc it is assumed that the impulse generator is calibrated in terxs of the mms value of a sine wave, as
has become standard practice. MAGRAB and BLONQUIST (1971) summarized the error produced for several se-
lected waveforms when peak and average detectors were calibrated with a CW signal gennvator and u.;ed to
neasure otarr wavotorms,

Finally, trhe meter (or Jata processing) can influence the units.

A.3. RELATIONSHIPS HETWEEN UNITS FOR DIFFERENT PARAMETERS AND PROBLEMS IN COMPARING NCISE DATA
OBTAINLD WITH DIFFERENT EQUIPMENT AND BY DIFFERENT INVESTIGATORS

Workers have tried, due to the general paucity of man-made noise data, to convert noise data taken
witr systems uning detectors other than rms voltage detectors into average power or power spectral Jensity.
This has been done in order to compare data taken by different workers and to try to detersine the fie-
quency dependence of composice environmental noise. An additional motivatior t5r combining data suwples
has been to try to determine the variation of noise level with distance from « metropolitan centes (e.g.,
SKOMAL, E. N,, 1863). Of course, these conversions of peak, quasi-peak, and average voltage noise data
to equivaleut rms voltage cannot be done rigorously for the case of composite EMN. Such coanversions should
not he attempted without naking some approximations or assumptions based on empirical data for a given
type 01 noise enviroament and instrumentation.

For example, the reading of a peak detector of the type used by the SAE in the USA and a quasi:pesk
detector of the (ype used by the CISPR in Europe (and elsewhere) for noise frox the ignition system oi a
single sutomobile running at 1500 rpm is said to have been determined empirically to be about 20 ¢B (Si3,
1974; BALL, A. A., and NETHERCOT, W., 1961)., This conversion factor has been adopted by the CISPR and
SAG, but SHEPHERD et al. (1974) contended that this conversion uay be very approxinto.‘ The difference
between the readings of an rms detector and those of a quasi-peak detector has been measured four several
types of nuise, but the relationship varics significantly as the input waveform or filter characteristics
vary., One observation (by MATHESON, R. J., 1970) indicated that one type of quasi-peak detector read
about 10 dB higher for one type of man-made noise in an effective noise bandwidth of 10 kXHe. As mors data
have Lauome available, it anas become possible to report separately the frequency and distance dependencies
inferred from data ottained with different detectors (c.g., SKOMAL, E. XN,, 1973).

MAGRAB and BLOMQUIST (1971) noted the errors that can occur when various detectors are calibrrted {
with a sine wave, using a C¥ signal generator, and used to measure other waveforms. This error can be
compounded by taking the data from a peak, quasi-poak, or avelrage voltage detector in dB > 1 uV, con-
verting to volts, squaring, dividing by 30, calling the result the average power in watts, and subse-
quently coaverting to dBW, cBm, mW/cm3 (e.g., SMITH, S. W,, and BROWN, D, G., 1973), It cannot be empha-
sized too strongly tkat this is not a correct procedure. If one is going to attempt to convert to average
power, even to get crude estimates, one must make some estimate of the conversion factor from the kind of
microvolts (uV) measured to uV (ras) before squaring the voltage and multiplying by the real part of the
admittance to get power. The error due to variation of the true input impedance from its nominal value is
usually small relative to the error due to uncertainty in the correct (for the input time waveform measured)
couversion factor from whatever type of voltage was measured to rms voltage. The uncertainty in such a
conversion is generally unknown, indeed unknowable, for most man-made noise wavoforms.

*
While the 20-dB empirical relationship between the readings of peak and quasi-peak detectors may be

especially useful (and sufficiently accurate) for facilitating international trade, it should not be
takean as a deterministic constant,
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A seccnd type of problem relates to the bandwidth noenmalisation. Here, several types of mistake
are common: (1) mormaliring by the wrong bandwidth (i.e., using 3~d3 handwidth when ncise power bandwidth
should have been used), (3) using the wromg Aomalization rule, (3) operating improperly on s normalised
,/1/ voltage per unit bandwidth quantity to compute power spectral Aensity, (4) normalizing from a bandwidih
/ that did sot contain a unifora spectrum, and (8) combinatiocns of these uistakos.

It is common practice to use voltage per unit bandwidth to report the peak value of impulsive noise
data. This is becsuse an impulse can be described in tarms of volt-~seconds (the ares under the input
valtage~time ¢.:" 8), and the respunse of a receiver to a very sharp impulse (i.e,, delta function) 1s
indesd the "ir v.lse~response’ of the recoiver which depeads only on the volt-seconda c¢f the source and

.+ £11ter characteristic of the receiver (e.g., ARTHUR, M. G,, 1974). Thia gives rise to the concept
o. the impulse bandwidth of the recaiver, the torrect bamdwidth to use for normalization of peak voltage
resdings. Vhen an impulse generator is uaed for calibration, the units might well be dB > 1 uV/MHe, If
chis quantity is converted to power by squaring volts/MHz and normalizing by impedance, the units becowe
uttu/(ﬂ:)z, and this 1s not the power spectral density (PSD). Also, the volts that were squarcd wers
pesk volts not ras volts. If one sees dBw/MHz, it is important to know whether the power was comruted
first and then normalized by the effective noise power bandwidth, b, to yield power spectral density or
whether some operation has been done on the voltage-per-unit-bandwidth quantity and some assumption made
ubout the relationship between the peak and rms voltages. This problem has given rise to the units
dB > 1 uv/(Mlx)}/3 usud (sometimes incorrectly) by some workers attempting to compute PSD. Still another
bandwidth~related problem has to do with normalizing to a unit bandwidth (e.g., 1 Hz, 1 kHz) when the
dats were taken irx s larger bendwidth (e.g., 10 Mis). Here the problem is that the assumption is made
that the PSD is constant across the total bandwidth(s) of interest, when this might not be the care.

As proviously mentioned, sose authors prafer to report average noise power measurements iu teras
of the parameter F_ (a circuit quantity), and others prefer to use an ras field strength in bandwidth
(b), E,, in dB > 1 uV/m (a field quantity). One can relate these two parameters for date taken with a
short, grounded vertical monopole antenna (CCIR, 1984):

= F 0 - . .
ln ). + 2 logwfnl + 10 lotlob 3.3 dB > 1 uV(r-l)./l
This equation can be erronecusly used in two ways: It can be used to calculate r. from Bn, where the
mcasure of E, was something other than rms voltage (usually average voltuo),' and it can be used for
antennas other than short, grounded vertical monopcle antennas, where it does not necessarily apply.

Some confusion also exists when data are reported in units of dB > 1 uV (rms)/m/kliz because of
uncertainty as to whether the (rms) means that an rm=x detector was used or that a peak detector was used
but calibrated with a CV signal generator reading the rus value of a sine wave. This perticular con-
fusion caz be resolved by using the nomenclature suggested in this appendix.

While not comprehensive, this discussion of problems at least {llustrates sowe of the difficulties
regarding units and conversion between unita that srise in measuriug and comparing noise datas.

¢ A.4, PPEFERRED UKRITS

. Of the units discussed above, there are some preferences that will help avoid some of the problems

3 described in the proceding section. Thess preferences can be related both to the types of detectors
used and the types of noise sources observed, as well as the use to be made of the data. For noise

data obtained on a specific nolse source, it is importamt to specify the distance from the source and the
poiarization of the observing antenna. For this case it is prefei.ble to normalize out the antenna ef-

Y fective length (or area) and report the results in terms of field strength (or power flux density). In
some cases, an additional normalization by bandwidth is desirable, whereas in other cases (e.g., CW
noise) it is not. For noise data obtained in specific types of environment (e.g., business, or residen-
tial), it is preferable to express the noise data in terms of F. sud to state the noise power bandwidth
and antenna polarization, directional characteristics and type, and heip)\t above ground.

For CW nolse, watts are preferred for circuit quantities. Volts can be used if the iapedance across
» which they are measured is specified, When a calibrated field strength meter is used, then V/m (or
3 w/m?) are appropriate for field quantities, Units involving bandwidth normalization (e.Z., V/kHz) should
be avoided for specifying the results of CW (or narrowband) noise measurements. The dB equivalents of
E these units are equally acceptable when the referenc¢ is adequately specified (e.g., dBW).

For vhite noise it is useful to relate the EMN power available from the antenna to that available fiom
a resistor at room temparature; hence, F. is a praferred parameter. F. can be expressed as the noise power

.Still another problem arises from the current methol of constructing RFI meters. These meters claim to
measure average voltage, whereas log amplifiers are used prior to the averaging, and what is really
measured is the average of the log of the received voltage. The parameter V(avg) cen be estimated for
men-made noise, from such data, by using an empirical relationship given by SPAULDING and DISNEY
(1974).
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spectral density ir 43 > !'ros or, slternatively, ss & noise power in dB > k‘l‘ob. The preferred detector
type {s the rms voltage detector. An averaga voltage detector can also ba used: It will read 1,049 dB '
lower than an rms detector for the same white Guussian noise at the input, /_ é

An rus detector is useful for giving the average power of high-duty-cycle repetitive impulse waveforms;
the preferred unit is the watt. A peak detector is useful for giving the peak of loweduty-cycle repetitive
impulse waveforms, in units of V(peak)/Hz where the impulse bandwidth is used for normalization., It is also
important to specify the pul_~ repetition frequency (PRF) in pulses per second (ppas).

An rms detector is useful for ygiving the average powsr of random impulsive noise waveforms; the pre-
ferred unit is watts. Frequeatly, though, the APD and other parameters are required to describe this
type of noise adequately. The APD can be given in decibels relative to a known average power value, The
average musbers of positive level-crossings or of pulses per second exceeding a given threshold are also
useful, and the period over which the average was computed should be specified., The type of calibrator
used to establish the thresholds should also be stated, When the ratio of Vn. to V" is lurge (1.e,,
largs Vd), it is sometimes necessary to uso a peak detector to observe the noise at all. For this case,
it is desirable to calibrate with an impulse generator and use V/Hx as the units. This measurement pro-
cedure is applicable only to relatively large, nonoverlapping impulses.

These preferred units are the author's; clearly acditional discussion of this topic is required.
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DISCUSSION

F. J. CHESTERMAN: Qualitative definitions are relatively easy, but quantitative definitions are
extremely difficult if not impossible.

G. H. HAGN: Qualitative definitions are not exactly easy, but quantitative definitions are orders of
magnitude more difficult. Nevertheless good progress was made by the CCIR this year on qualitative
definitions of categories of interference of increasing severity. Hopefully quantitative definitions
of permissible interference, etc. will be put forward for each type of service and agreement can be
reached on both qualitative and quantitative definitions of several gradations of interference severity
prior to the World Administrative Radio Conference in 1979.

G. TACCONI: I ask whether in the <<Spectrum Engineering>> definition namely the word "Spectrum" has to
be interpreted in strict sense or broad sense.

G. H., HAGN: The word spectrum is used in the broad sense. Spectrum engineering and management involves
the use of analyses, measurements, data bases and coordination processes to achieve EMC.

M. THUE: The negotiable noise level cannot be set quantitatively; the acceptable noise level depends
on local environment conditions and should be agreed on by the organizations responsible for the various
systems considered.

On the other hand, the permissible noise level (which can always be accepted) and the harmful
noise level (which can never be accepted) have already been decided upon by a number of Committees
of CCIR for some systems (fixed source by Hertzian beam or by satellite, broadcasting, television)
and within some bandwidths.

G. H. HAGN: I agree. It is against the very principle of negotiation to do more before a specific
situation arises than define where the negotiation must begin (e.g., in this case the boundary between
permissible and negotiable). The true definition of permissible really 1ies in the quantification of
the boundary (i.e., the level of severity of interference above which one must negotiate).

S. C. KLEINE: What makes officials hesitate to agree upon qualitative and quantitative definitions,
bad or useful at least provisionally, just for the sake of having a common definition?

G. H. HAGN: There are many reasons why it is difficult to obtain agreement on basic definitions, and
the process by which internationally accepted definitions evolve is a topic worthy of study in its
own right. Regarding definitions of electromagnetic noise, interference and compatibility I can
mention a few reasons. Agreement on qualitative definitions is hampered by many factors including:

1. Differences in current usage (e.g., the dual usage of the term interference to describe bo-h
the souvrre of degradation and the degradation produced).

Differences in the languages into which the definitions must be translated.
Differences in the level of detail required by different groups.

. And Human factors such as pride of authorship (e.g., the "not-invented-here" phenomenon).
Agreement or quantitative definitions is somewhat less hampered by the items discussed above. The true
vested interests of the types of services as well as those of the national administrations are even
ad trongly impacted on by the method used to quantify a qualitative term (e.g., permissible

‘arence) and the actual level chosen for a given type of service. There may be differences in
i larance to interference by users of the same type of service in different countries. The
det ‘tfons, once accepted, may be difficult to modify (even when modifications become desirable due
to . .nces in technology). The economic implications as well as other nontechnical implications
may oe very large.

CPT P. HALLEY: In Figure 5 of your paper, you have indicated designations which are either verbal
descriot ns or literal expressions of the disturbing effects of interferences. It would be
advisabl. to devise a more accurate description, with references to a conventional code from 0 to 5,
Tike that of QSA. I would suggest the following table:

QSA Interference Signal
5 None Pure
4 Permissible S > I
3 Disturbing S>1
2 Harmful S<1
1 -—- S << I
0 Pure None

G. H. HAGN: I believe such a code may be useful in its own right as well as being an intermediate step in
the development of definitions of these terms from the qualitative to the quantitative. Perhaps it would
not be necessary to have the six levels you define; rather, it should be sufficient to employ only as many
levels as there are qualitative terms (e.g., none, permissible, negotiable and harmful). Regarding
nomenclature, I believe it would be better to avoid the use of the symbol "I" as you have used it since
this would tend to encourage the use of the term interference to describe the source. If we define Sq

as the average power for the desired signal and Ny as the total average electromagnetic noise (EMN) power
in the bandwidth of interest, then one could attempt to quantify Sg>>N¢ as it relates to grade of service
for the different types of service. For some types of service this may be sufficient for quantifying what
is meant by permissible; but for others it may be necessary to give more information (e.?.. the percent of
locations that a given grade of service will be exceeded for a given percentage of the time, as has been
discussed by K. A. Norton, P, L. Rice, and others). It is important that the quantitative definition
Finally worked out be capable of verification by measurements for existing systems and be capable of
estimation by analytical models ftor systems which are peing planned.
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Atmospheric Discharges and Noiss

( And Communications Systems Interference Reduction )

M. M, Newman* and J, D, Robb 7?...
C

Lighining and Transients Research Institute
SUMMARY

Most studies of atmoapherics in the past have dealt with the subject on the basis of the fre-
quency domain as a linear phenomanon. From the special point of view of working to improve
communications systems performance, there are advantages to be derived in viewing the problen
in the time domain., This permite the application of nonlinear techniques, for example, hy
circuitry gating at the input before the noise pulses shock excite resonant circuits, This paper
deals with wide band measurements, up te 200 megaherz of the "fine-structure" of radiation from
individual discharges, as well as longer consecutive records of the character and spacing of
pulse components of branching streamers and repeated dischaigesa, which have hitherto been
unavailable,

Direct lightning interception studies both by us in the U,S.,A. and recently in Frauce, are
discussed in relation to discharge noise characteristics. Also our research on artificial
lightning discharge 'noise' propagation and reception at various distances, are presented as a
unique tool for atmospherics propagation studies,

1,0 INTRODUCTION

In attempting to improve communication systems performance in the presence of atmospherics
noise, there are advantages to be darived from viewing the problem both in the frequency and
time domain., Consideration of atmospherics generation from numerical calculations of the channel
current during the formative stages along with laboratory reproductions and time resolved
panoramic measurements of natural atmospharics suggest some approsches to improved signal detection
in the presence of atmospherics,

2,0 LIGHTINING STROKE DISCHARGE MECHANISMS AND NOISE

The complexity of atmosphexics wave shapes and corresponding radio interference are influenced
strongly by the ionized streamer propagation mechanism of the lightning discharge. Vhen spark
breakdown of a stressed region occurs, the rate of current transfer is influenced by the rate
of tranefer of charge in the cloud mass iteelf and by the characteristice of the ionized path of
breakdowm. Photographs taken by Schonland, with a rotating Boys camera, illustrated the formative
stcges of the lightning stroke and showed that the development of the breakdown is a progressive
process, the lesader stroke procesding by a series of steps, such as {llustrated in Figure la,

As a group of branch atreamers develops, electrical charges are transferred from the cloud to
the nevly ionized streamer chamnels which act as charge storage (capacitative) elsment, The
corresponding charging time through the nonlinear resistance of the feeding chamnal, which {s high
initially and drops in value as a function of the charge transfer through it, causes a time delay
of potential propagation alomg the ctreamer as new streamer channels are charged. These in turn
will then be raised sufficiently high in potential at their tips to form new branching streamers,
and 80 the process is continued, This results in a step precess with corrasponding multiple
current peaks during the iightning chamnel propagatiom period,

An equivalent cirenit for the atepped leader stroke is assumed to be thar shown in Figure lb.
The resistance in a part of the channel through which current is passing is assumed to vary with
the time according to the formula ¥ = %/q, vhere k is s constant and q(t) = 4 dt is the charge
which has passed through that part of the chamnel. A forwmula of this form has been found by
M. Toepler to be valid for the resistance per unit length of short sparks. The capacitance C
represents the large storage capacitance of multiple charge tapping streamers within the cloud,
The capacitances 22, C3, . . . sre sstinated from the empirical photographic data on the langths
of the steps of the leader stroke.

Owing to the prasence of the nonlinear resistances in the equivalent circuit, caleulations
wvere made by numarical step-by-step methods, using reasonable circuit parameters based ou observed
leader dimensions. The calculated form of the discharge curreat at the cloud is shown in Figure lc.

The resultant current flow shown in Figure lc is seen to be in a series of pulses with an
increasing spacing corresponding to audio frequency pulse train decreasing from about 12 ke, which
is of some interest &s it would account for soms short whistling notes observed in low frequeacy
sferic measurements. It also follows from a study of the course of the step-by-step calculations,
that as ths channel approaches the earth plane or an oppositely charged cloud area, the gradient
would incresse for successive steps vhich would result in an ascending frequency note. Thus this
machanism could conceivably account for some short obasrved "whistlers” or "tweeks" of both
ascesding and descending frequemcy. This suggestion is not proposed as a substitute for the
ionosphere propagation theory proposed originally by Eckersley, and mors recently by Storey, for the

* Presantly Research Professor, Florida Institute of Technology and Research Director of
Lightuning and Oceanics Research Institute.
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long~delayed vhistlers and whistler trains, but rather to possibly account for a number of short
aud40 pulss trains like tweeks, twests, etc, somevhat similar to "whistlers" which may need to be
sccounted for separately from the whistlers explainable by ionospheric propagation theory.

The calculated stupped pulse spacing of Figure lc turned out to be im surprisingly close
agresmant vith corresponding spacing of light intensifications of Dr. Schonland's stepped leader
photographic records, Thus the proposed channel machanism electrical circuit equivalent sesems
s fairly accurate and useful representation from which various characteristics of radiated
interference may be readily daduced and checked with corresponding laboratory experiments.

3.0 LABORATORY REPRODUCTION OF THE LIGHTNING CHANNEL BRANCHING EFFECTS

Little is known from direct measurements of the mamner in which the propagating discharge
channel taps charges within the cloud. It is reasonuble to expasct that channel atrcamers will
also propagate inwardly inte the cloud mass, & process which basides coamencing simultaneously
in wmultiple paths into the cloud could ba expected to speed up after the 'reflectad' current wave
in a stroke to ground lowers the cloud potential at the origin of the groundward channel.

The channel propagation mechanism equivalent circuit of Figure 1b was reproduced experimentally,
as shown in Figure 2a,

The system of vertical liues seen in the photograph are rubber hoses with slightly conductive
water inside coupled to a pazsllel grounded feed system overhead. Conductivities of the branch
paths are readily varied to correspond to lightning branch stresmers. In the above experiment
the branch chamnel, at A, formed a main discharge to ground, while the guided discharge seen
faintly from A to B with no ground return stroke represented the squivalent of a cloud to cloud
discharge.

An important conclusion from the artificial channel experiments, in relation to theory of cloud
charges, is that the progressive charging of new areas by the advancing streamer of a lightning
diecharge, as illustrated in Figure 2a, requires relatively low cloud potentials. This is
further shown in the illustrated demonstration setup of Figure 3(a) where a 20,000 volt charged
condenser produces a two foot long sperk which is about 50 times as long as a single spark unaided
by the step-by-step branch streamer uquivalent mechanism shown schematicslly in Figure 3(b).

4,0 INFLUENCE OF THE DISCHARGE MECHANISM ON THE RESULTANT CHANNEL CURRENT
AND RADIATED SFERICS WAVE SHAPES

The discharge channel characteristic pulscs shown in Figure lc are considered a very important
factor in deteiwx ining the nature of atmospherics. Consequently the artificial lightning generator
and propagation mechanism setup of Figure 2 is being expanded to provide discharge channals over 50
meters in length so that measurements ~of channel resistivities, surge impedances, and propagation
valocities can be studied on a scale ¢ iparable to natural lightning phenomena.

In the preliminary investigations with the small model channel, illustrated in Figure 3(a),
oacillographic records were made of the current variations across the shunts as shown in Figure 3(b);
the shunt locations left and right corraspond to the top and bottom of the chamnel. Though
equivalent branching ctreamer capacitances and jumping distances are on a much smaller scale than
actual lightning discharges, the oscillcgrams obtained, as shown in Figure 4(a,b,c), show
characteristic pulses of the lightning channel discharge current propagation process which aras
similar to the current oscillogram shown in Figure 4(d) obtained in an airplane vhich intercepted
a natural lightning discharge considered to have taken place between clouds,

Considering the many separate pulges contributed by the main channel streamers, illuatrated in
calculated curves and oscillograms, and alsc similar processes in tapping different cloud charge
canters, ve obviously obtain in the raciated 'sferic.' complex wave forms sometimes difficult to
distinguish from multicle reflected simpler dischr.iges. Propagating streamers such as have been
observed to progress for tens of kilometers fo.' as long s a second could thus produca almost
continuous interference ranging from short aviio frequency pulse trains to componants of several
hundred megacycles. Figure 5 shows some oecillograms of induced lightning wava forms in the fnux
mater single turn shielded speriodic loops '.ocated, as showm in Figure 2a, on top of the laboratory.

Aside from lightning atmospherics, ot'ier transient disturbances may be induced on an antenna
under thunderscorm conditions. Figure 6 .llustrates possible transients from coroma, adjacent
insulator surface streamering, and from charged rain drops. While these transients should not be
aircraft commmications and probably aci.ount for much of the radio interference encountered under
thunderstorm conditions. In muking neasurements of sfarics it is therefore important to reduce
possible interferencs from ascociated corona streamer snd rain drop effects by properly shielding
the antenna systems.

After waking sure by proper antenna shielding and checking tests that the interference vave
forus wvere related directly to lightning discharges, we resolved typical atwospherics into
harmonic components both analytically and by direct measurement of excitation effect on
diiferent frequency range commmication receivers.

5.0 RESOLUTION OF ATMOSPHERICS BY HARMONIC ANALYSIS

Mathematical representation of atmospherics involves difficulties which arise from the fact
that atwmospherics ara stochastic. In simple (but not complately accurate) language, this means
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that a given atmospheric noise train is only one msnber of an infinite sample space of possible
noise trains and that the situation is best described by the probability distribution over this -
sample space of ncise trains.

1f ony wishes to avoid a treatment of atmospherics which is based on the above considerations,
ons might treat each observed atmospheric by means of harmonic anglysis. It is to be hoped, for
exanple, that a survey of the harmonic analyses of many atmospheric noise trains would perait ome
to draw conclusions concerning the relative statistical frequencies with which certain parts of the
radic spectrum appesr smong the components., The mechanical procedures for such harmonic anslyses
are simple though tedious; several iightning wave forms of the type shown in Figure S were
analyzed, Figure 7b compares the original wave segment of 7a with a recombination of the harmonic
components illustrating accuracy for the interval resolved, Since the transient i{s nonrepetitive,
there is no longer a fit outside the interval chosen, therefore such decomposition can be
considered only an approximation.

6,0 RESOLUTION OF ATMOSPUERICS USING PANORAMIC ANALYZER EQUIPMENT

The L & T laboratory had earlier developed a panoramic interference analyzer covering the
frequency rangs of 100 kHz to 1000 miz, For purposes of this investigation a simplified system
: was built up using five calibrated receivers tuned respectively to 15 kiiz, 190 Khz, 1 mHz, 9 miz and
: 150 mix, vhose audio enveiopes were applied to a five bemu cathode~ray tube indicator unit built
up with simple positioning controls. Pigure 8 illustrates the equipment used in the atmospherics
studies and Figure 9 presents a corresponding schematic diagram.

The panoramic section with the five receivers and a five beam cathode-ray tube is showm to
the right in Figures 8 and 9. The center sectior has a dual beam cathode=ray unit which records
the stroke direction and the autenna voltages directly with a resolution equivalent to the
receives responses, The center section also contains standard precision crystal controllad
oscillator providing a time stardard controlled clock which 18 required for synchronization of
data vith other cooperating observatories. To the left is shown a wide band oscillograph for
recording fine structure radiation with greater resolution corresponding to higher frequency
stroke components,

Sample records of respective raceiver responses to the atmospharics are shown in Figure 10a.
A saxmple replot from an enlarged projectio: of these records is presented in Figure 0b, The
anplitudes shown are to a acale corresponding to the zdjusted receiver sensitivity and were
selected by adjusting sensitivities to valuas sufficient to give mar urable deflection during
periods of atmospheric activity.

Additional replots of the film duta on a condensed scale as given in Figures 11 and 12
prasent axtendad indications of receiver susceptibility for differant frequencies and also an
indication of relative location and lengths of spaces free from noise. Figure lla shows alectric
field variations over a 15 minute period during a summer thunderctorm illustrating the frequemcy
of major charge redistributions in the vicinity. TFigures 1llb, llc, andlld,present graphs of
the communication time available for receiving input signal levals of the order of 500 microvolts
over tyrical local lightniag periods of three seconds and 60 ssconds respestively,

The graphs indicate that for moderate strength signals, considerable amount of ‘“clear" space
exists wvhich might permit continued comsmunications 1if the disturbing effect of the more severe
interierence peaks could be removed. Some possible circuitry methods of selectively rejecting
such interference are briefly discussad in the next section on atmospherics interference with
commnicaticas anda possidle reduction methods,

7.0 MEASUREMENTS OF TRIGGER:D NATURAL LIGHTNING DISCHARGE CHANNEL CURRENTS

Direct lightning channel current msasurements have been made at the basa of a triggered lisht-
aing chanmnel. This is defined as one triggered by a rocket born fine wire carried to haights
of 300 to 900 feet at a time when the slectric field indicates that a lightning discharge is prob-
able. This is a technique which hes becen pionearad by LTRI as a technique for studying both the
channels and the radiated signals. These measursments have shown the highly random nature of the
current variation and the periods of lower intensity, as shown in Pigure 12, and as cbserved in the
radiated fiald measurements shown in Figureo 10 through 11.

8,0 GENERATION OF ARTIFICIAL ATIIOSPMERICS FOR PROPAGATION STUDIES

A useful tool in the study of atmospherics propagation has been developed {n which pulses of
one to nine million volts are fed into the base of a five kilometer vertical antenna which is sup-
ported by a small helicopter. This technique permits the study of ground and skywaves separately
at distances of several kilomaters away and can be detected at distances of thousands of kilometers.
The signal is received most conveniently by use cf a clock synchronized osc{lloscope at the raceive
ing station. Using this techaique simulated atmospherics vaveforma as determined ia the measuraments
program could be appiied to the antenna for the geif:ration of veprasentative interference and
simulation of even naarby effects on commmications systems.

9.0 ATMOSPUERICS INTERFERENCE WITH COMMUNICATIONS AND REDUCTION METHODS

The preceding illustrations of recorded atmospherics wave shapes and their effsct inm shock
axcitation of the differemt frequancy range receivers, composing the panoramic interf-rence
analyser, indicated time variation effects of local thunderatorms aferics vhich disturbed cormuni-
cations from lowest frequencies to over 150 mlis,
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Js R, Carson has pointed out in some of his early work® that narrowing the bandwidth by
increasing seleciivity of the receiver circuits still leaves an irreducible minimum of {nterference
wvhich wmight still block communications {f the original interference were grest enough. Carson's
theoretical work and consequent pessimistic viev of ultimste limited possibilities of improvement
of signal to impulsive~noise ration was based on the study of linear circuits; considerable
improvemsnts ars possible by the introduction of non-linear elements to eliminate the high~level
interfering impulses.

The complexity contributed by radiation from the branching formation process of the lightuing
discharge. as discussed earlier, introduces at variable times very high pulse repest rates. The
high pulse races introduce overlapping shock excitation envelopes within the receiver that would
completely swamp sigrsls; and if the interference amplitudes were limited by conventional limiters
or clippers inside the raceiver the audio output may be quisted but will have caused loss of
signal wmndulation and hence intelligibility,

Eariler reportad wick®* of the L & T laboratory has brought out both desirability and
feasibility of remc-ing the interference before it reaches the recaiver so thet a very much
smaller portion uf the signal carrier is lost and a very much greater numbar of disturbances can
be tolerated than with any scheme of limiting within tha receiver. This basic approach of
interferunce reduction ahead of the receiver has resulted in improvement ratios of the order of
50 d+ applied under thundexrstorm precipitation static conditions inducing corona pulses, of the
type shown in Figure 6, with repeat rates of the order of 100,000. Although atmospherics present
much zore severs problems, the records from this investigation do indicste some possibilities
of reducing their interfering effects as will be developed in the following discussion.

The original form of the interference rejection scheme which has proved effaective for corona
interference induced in both thunderstorm and precipitation-static conditions is illustrated by
the block diagram, reproduced from the sarlier referanced paper, in Figure 13.

The "demon" block section of Figure 13, in a similar manner tc Maxwell's famous postulated
"demon" sorting particles by their speed, serves to detect the arrival of interfering impulses
by their characteristic transient features of high voltage rates of rise and amplitudes, and
thersupon operates the “gating" ssction.

In the case of distinct corona impulses it is poasible to close off the "gate" or effectively
"blank” for such short intervals that the total percentage of blanking may be lass than 20X even
with 100,000 pulse repeaat rates. The 'flywheel' action of the following receiver narrow-band tuned
circuits fills in the blank time gaps, and loss of signal time of 20X of a time interval short
relative > modulation amplitude changes would introduce a 20X reduction in aignal modulation
anplitude for" “s same interval; and actually 50X blanking times were encountered and found satis-
factory in precipitation=static corona intarference reduction. Theoretically, on a sampling basis,
higher blanking space ratios than 50X are ussble s0 long as the average 'gating' rate remained
steady at rates over 10,000 (in order to reproduce up to 5000 cycle signal components), and the
related blank space to signal space ratio remained fairly constant, thus effectively providing a
signal sampling system which when triggered by an approximately recurrent interference such as with
some corona discharges would correspond to sampling systems used in some time gsharing modulation
systems,

However tha atmospherics records presented earlier show that wide varistions occur in pulse
rates and duration cycles; hence a space factor first 20X, then 80X, then parhaps 0 in adjacent
intervals would obviously introduce correasponding severe signal cross modulation from the inter-
ference, and rharefore relatively simple blanking would be ineffective for the widely varying space
factor sferics.

Since actually there are frequently recurring intervals relatively frae of atmcrpherie
interfarence we might arbitrarily shaad uof time consider reducing the average gated  ignal-passing
time to a sort of lowest common denominator selected tine interval segment, and thus remove the
cross wmodulation from gating time variationa. Ideally we could go one step further and postulate
a couplezaly effective interferance reduction system for atmospherics having soms relatively
interfarence free space available for sampling at rates of at least twice the maximum desired
signal intalligence frequency. If we assumed 5 kc as maximum desired signal modulation frequency
to ba passed, we vould nead to divida the sampling tima into intervals repeated at at leaast 10 ke,
or iest than 100 microsecond lengths. Actuaily because of possidble missas cr bunching effects we
nlght choose shorter intervals. Let us coneider a time graph of signal carrier and superposed
atmospherics sectionad into 20 microsecond intervale as illustrated in Figure 14 and let
us choose a gate interval of 10X of the sampling space interval, or 2 microsecond width,

Ideclly wa would like to explore ti.a entire segmented intarval and chooss the best 10X section
practically we could do it in a fashion of checking sach atep and move along time-wiss in this way
and opan the gate for the first interval in which the interference is below a preset level, It
is conceivable some intervels may not have any such favorable interval in which case it might be
desirable to increase time of pass in a succeading intarval to compensate for lost intervals. The
10X paas factor is chosen on the assumption that on the average that percantage space might be
relatively free of interference., It might be desirable, and preferably automatically, to have
the gate pass duration variable so that in case of less savers aversge interference a larger pass
space factor could be used; and when the interference is infrequent the pariodic gating scheme will
revert to the simple triggered blunking basis. Actually the addition of the above functions is
relatively simple compared with the primaty requisites for the original blanking scheme discriminator
wvhich detacts and exanines the interference and acts to cperate the gate. Thus, in Figure 13 the
main schematic corresponds © one of the forms of the original simple blanking function scheme, om
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vhich a patent was issued, and the inserted four tube circwit comverts it to a selective gating
system basically capable of handling more complex atmospherics, as outlimed above.

Because of the long periocds between peaks in atwospheric noise, a msjor ptoblem in developing J
the above spproaches has been that of obtaining delay lines with sufficieat time dalay. The
development of acoustic surface wave delay lines with much longer delay times than earlier
transaission line types appears tc be ideally suited for this application.

10,0 SUMMARY REVIEW OF OUR PAST AND PLANNED FUTURE ATMOSPHERICS RESEARCHES,

Under early Navy Bureau of Aeronsutics and Air Force programs, the comcera was primarily to
improve aircraft commmications in thunderstorms and thus our ressarches have had a main goal
of msasurement and recording of incident atmospherics to determine possibilities of selecting
signal intervals in batween peak atmospheric activity with electronic circuitry rejecting the
most severs interference ahesad of the receiver shock excitable tuning networks.

Prom an early reviewv, we had msde of the literature on atmosphsrics, it was clear that
other studies fell into two main categoies, first relatively low band width messuremants,
mostly below 300 kiloherts, of individual sferic wave shapes wvith components reflected from the
various heaviside layers and, second, long time integrated variations of sferic activity eys-
tematically measured at differemnt locations in terms of receiver audio output. The available
data and earlier programs wvare valusble in relation to determining powver levels that would be
needed in respect to different communication systoms in differeat frequemcy ranges, tut from
our point of view of working to reduce interference by circuitry gating at tha input of the
receiver earlier availsble dsta wes coneidered insufficient. Therefore we devoted our
efforts to wide band measurements, up to 200 megahertz of ths "fine-structure™ of radistiom
from individual discharges as wall as longer consecutive records of the character and spacing
of pulse componemnts of branching streamers and repeated discharges which had hitherto deen
unavailable,

14 addition to research and related instrumentation development work susmarized in this
report and the development of interference reduction we had worked out a laboratory atmospherics gen-
erator prototype design along the lines of a high power pulse generator developed by us under another
program with different wave ghape component pulses controlled snd modulated by a high speed magn-
stic tape or ascillographic film scanning system, in which different typas of atwmospherice recordings
can be readily reproduced.

A companion instrument to the atmospharics generitor had deen devised to provide a direct
intelligibility record using either natural interference or the atmospherics generator. The
instrument design provides a rather versatile "intelligibility” meter, in terms of percent error
count based on a gating comparator of original coded message alements and their resultant after
being mixed with interference and passed through the receiver, This approach permits evaluation of
improvement ratios with rejection circuitry far better that by conventional noise metar compari-
sons or listening tests.

Another technique considered and begun in the atwospherics program is the classification of
atmospherics components by an adaptation of a “countar-type analyzer" developed under another
program. The results have been encouraging to date and accordingly we expect and plan for
continuation along the above lines of ressarcli and related instrumentation development.

There are several phases of our originally planned program in which our rate of progress to
date has disappointed us but which we consider important and hope to continue. One of our plans
had baen to generate artificial sferics using our nine million crest voltage impulse generator
with the artificially prcopagated long spark discharges simulating branch streamers. Calculations
have shown that we could have pesk radiated components of the order of megawatts in the 100
kilohertz region which with the advantages of being producable at aspecific times, we had plan-
ned to record in our mobile laboratory at different distances and also at different times to study
ionospheric effect variations, The other part of our original plans which also was disappointingly
delayed was our program of simultanecus coordinated measurements by uac and several other cooperating
laboratories. Our atmospherics work discussed in thie report is just a portion of combined programs
on reducing thunderstorm hazards to aircraft, with the effects on communications originally considered
of secondary importance, consequently at later stages of the work emphasis on lightning protection
aspects diverted both time and funde and slowed down fnstrumentation for the trianulation mess-
urements. Continuation with such coordinated measurements is also certainly worthwhile, and wve
have appliad to this pha-e sows of our own laboratory's industry granted research funds,

It should be noted that our wide band approaches are difficult and expensive for g.neral
observations. It is preferable (and in case of our own researches on circuitry methods of atwmosph-
erics rejection we, of coursa consider it essential) to record stmospherics wvave shapas and spacing
characteristics as they would appear at tha rsceiver input rather than at the output where the
vave shapes are essentially couverted to be characteristic of the receiver tuned circuits.

As a final comment, we might refer again to the practical value of the "fine-structure" and
essentially wvide band type of atmospherics studies that we have been carrying on and hope to
continue. Using the proposed scheme &4 some other modifications, it should be possible to desigmn
a plug in replacement unit for several tubes in conventional (100 kilo-hertz - 2 megahert:
range) radio direction finders and greatly reduce their vulnerability to both precipitation-
static and atmospherics under thunderstora conditions. The reductiom of aircraft hazards by
more dependable communication in severe thunderstorm conditions which is materializing from
progress 1a thess atmospherics ressarch programs certainly justifies continued support of
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moet of these outlined researches; and though, from time to time, supporting budget variat-
ion may reduce the mors fundamental phasss ol longer ramge importance at a slower pace, ve
hope to continua the various atwmoepherica study phases we have discussed in this report.
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Fig.1(a} Progressive branching of lightning discharge channel

Fig.1(b) Equivalent electrical circuit during initial propagation stages
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Fig.2(a) Cross section view of laboratory test arrangement with high voltage DC
generator depositing charge on hemi-spherical plexiglas surface, S
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Fig.2(b) Photograph of discharge streamer tapping charged areas on the surface
of a plexiglas hemi-sphere, analogous to charged cloud streamers
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Fig.2(¢) Laborabory lightning branching discharges of fifty foot lengths from a two million volt impulse.
illustrating the streamer mechanism permitting propagation of very long discharges from
relatively low cloud potentials
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Fig.3 Photograph (a) and schematic diagram (b) of model of lightning discharge channe!
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Fig.4 Top three current oscillograms obtained with model channel circuit of proceding Figure 3(b)
showing similar characteristics as bottom oscillogram, recorded in flight investigations, of a

lightning discharge through an airplane
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Fig.5 Typical oscillograms of induced potential wave forms, in an aperiodically terminated single
turn 4 meter loap, about 3--5 miles from lighining area
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Fig.6 Laboratory oscillograms of interference transients to be expected on an antenna, other than lightning
atmospherics, under thunderstorm conditions A and B, corona on bare wire antenna; C and D,
from adjecent insulating surface streamering; E and F, from charged rain drops hitting the antenna
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Fig.8 Atmospherics measurement, equipment including: 150 mc broad band oscillograph, direction finding
and crystal controlled oscillator timing equipment, and the panoramic interference analyzer
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DISCUSSION

D. J. HARRIS: The Figure 10b suggests that the VHF noise signal can be very large. This is
surprising. The NBS atmospheric noise measurements suggest that the noise level is very low at
20MHZ, but the authors show that the level is high at 150MHz. Could this be discussed?, and could
the authors indicate the source of the noise. How is it generated?

J. D. ROBB: The NBS data is based on average power which is very low for the VHF components even
though the peaks may be quite high. Two reasons are suggested.

1. The VHF components are observed only at line of sight distances, characteristic of
propagation at these frequencies and thus fall well below the lower frequencies which propagate
for much greater distances.

2. As may be noticed in Figure 11b, the VHF components are quite sparse which again results in
a low average power,

This 1llustrates one of the basic points which we have attempted to make; the importance of
examining communications systems in the time domain of peak amplitudes and frequencies of occurrence
as well as in the frequency domain of average power density.

We believe that the VHF components are generated primarily in the formative stages of the discharge
with a relatively short duration of milliseconds as compared with the average duration of the total
lightning flash of about one half second.

' G. H. HAGN: Comment on a question to J. D. Robb. The rms voltage at VHF may be exiremely small
(e.g., the CCIR Report 322 indicates that F; for atmospheric noise from 1ightning is negligible
at VHF and above) even though the maximum vaiue of the instantaneous voltage can be quite large
for brief intervals. Some designers of digital data systems which are intended to operate within
line of sight of storms producing 1ightning have been led astray by their interpretation of the CCIR
Report 322 curves. The parameter F, (which is based on rms voltage) is not useful for frequencies
where the contribution to the system noise factor is not dominaied by the external noise power from
the antenna. At VHF and above, it is useful to know the statistics of the impulse spectral intensity
(i.e., strength of the equivalent delta function corresponding to each impulse from lightning in
volt-seconds at the receiver input)and the time of arrival statistics of these impulses. These data
would be a useful supplement to the information given in CCIR Report 322.

J. D. ROBB: I agree.

F. D. GREEN: One item I would hope to be covered in conjunction with studies of 1ightning flashes is
the development of devices to protect solid state devices from these natural EM pulses. Qur Department
of Transport has quite a problem in protecting solid state beacons and communication receivers from
1ightning discharges which arrive on the antenna systems.

1 would also 1ike to say that there has been some success at CRC in measuring auto ignition at
frequencies about 7GHz. It seems that it will certainly be necessary to protect or shield space link
receiver antennas from auto ignition and similar short pulses, especfally if they must be located
near an autoroute.

J. D. ROBB: No answer.

CPT P. HALLEY: CCIR has published a report on atmospheric noise which makes it possible to predict
noise in a given location on the earth, at a given hour of a given season as a function of the frequency
for a unit %?) passband.

is there a world network of atmospheric noise measurement stations? Are the measurements collected
i in international data centres? Is it contemplated to have the CCIR document revised and brought up-to-
date in view of these new data as well as of older data?
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J. D. ROBB: No answer,
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Electromagnetic energy from man-made devices contributes to the composite electromagnetic noise en-
vironment in which telecommunications-electronics systems must operate. For a given system, all energy ex-
cept that of the signal desired for the system can be considered noise, and the portion of noise attribut-
able to man-made devices is termed man-made noise. This paper considers the noise from electrical and
electromechanical devices that are not designed as intentional radiators but that produce electromagmetic
energy as a by-product. A complete discussion of undesired signals, as well as the other undesired energy
produced by transmitters or receivers (s.g., harmonics, transmitter noise, and local oscillator radiation)
is beyond the scope of this paper, The emphasis here is on description of the noise from electrical power
tranemission and distribution lines and from vehicle ignition systems; these two sources are known to be
important balow and above 20 MHz, respectively. Other sources are mentioned, and prediction of the com-

posite environment due to unintentional radiators is considered. Finally, voids in our knowledze of man-
rade radio noise are noted.

1. SCOPE

The composite electromagnetic noise environment is generated by many natural and man-made sources
(Figure 1), This paper concentrates on the unintentional man-made radiators, describes selected major
sources (e.g., power lines and vehicles) in technical terms, and assesses their relative contribution to
the composit.: electromagnetic noise environment exclusive of the signal environmen:, Figure 2 gives an
example of a brief observation of the composite electromagnetic environment in the VHF land mobile band in
the United States: amplitude versus frequency and time, as observed by a scanning receiver and processed
by a computer. The portion of the composite electromagnetic noise environment produced by unintentional
radiators is described in terms that permit its prediction. However, the actual assessment of the effects
of man-made noise on the operational performance of systems and the subject of noise suppression and control,
vhile extremely important, are beyond the scope of this paper.

2.  INTRODUCTION

Numerous unintentional radiators have been identified over the years. PETERSON (1974) mentioned that
noise voltages induced in the receiving antennas of communications systems in use around 1900 were said to
have "fritted" the "coherers" of these systems, and DINGER (1962) noted that perhaps the first known case
of man-made interference to radio signals occurred in 1902, when Dr. A. H. Taylor heard ignition noise from
& two-cylinder automobile. HERMAN (1970) summarized some of the work on man-made noise prior to 1970, and
HAGN (1973) updated this summary.

Primary cypes of unintentional radiators are listed in Table 1.

TABLE 1 CATEGORIES OF UNINTENTIONAL RADIATNRS

Overhead power transmission and distribution lines.

Ignition systems (e.g., automotive, aircraft, small
engines, etc.).

Industrial fabrication and processing equipment
{including arc weluers).

Rleztric motors and generators.

Electric busses and ctrains (excluding their power lines).

Contact devices (e.g., thermostats, bells, and buzzers).

Electrical control, switchings, and converting equipment
(e.g., SCRs, and ac/dc converters).

Medical and scientific apparatus,

Lamps (e.g., gaseous discharge devices and neon signs).

Various electrical consumer producta,

'‘he relative importance of these sources as potential causex of interference depunds on their number
and distribution (e.g., their proximity to the susceptible equipment), their output charscteriatics in
frequency and in time, and the type of victim service being considered. For example, noise from automobils
ignition systems (Figure 2) is an {mportant source of interference to mobile receivers in the VHF land mo-
bile radio service (DEITZ, J., et al., 1973), while it is relatively insignificant for the LF navigation
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: service, where atmospheric noiss is often dominant (SHOWERS, R. M., 1974), However, in the vicinity of
i cities, man-made noise scmetimes limits the use of LF and VLF navigation systems oy aircraft, Many LF/VLF
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airc-aft navigation system applications are not feasible because of man-made noise limitations in and

around urban areas (VINCENT, W. R., 1974). System checks and Omega coordinate setting before take-off

may ba hampered or randered impossible by the man-made noise. One way (by no means flawless) to assess the
importance of noise sources rclacive to various types of services is to record complaints of interference
when investigations have shown the complaints to be valid and when positive identif.cation of the sources has
been made, This is done on a nationwide scale by some countries in Europe (McLACHLAN, A. S., 1973) and else-
where (ROBERTSON, E., 1971). Many of these complaints are summarized in 4 standard format for the Interna-
tional Special Committee on Radio Interference (CISPR). Another way to assess the relative importsnce of
sources is to observe the correlation of some measure of a suspected source with the composite background
noise level (SPAULDING, A. D., and DISNEY, R. T., 1974).

Let us consider the correlation of the composite man-nasde noise level with popuiation density b:fore
addressing its measured correlation with specific electromagnetic sources. Because of the attenuation of
noise fieli strength with distance from the source, it seems reasonable that man-made noise levels should
correlate, at least broadly, with population in urban arsas. ALLEl] (1960} prcsented data relating quasi-
peak field strength values measured at street level to urban population. He computed the probability of
various levels being exceeded at 1 MHz as a percentage of locations in an urban area. This was done over
a population range from 103 to 106 persons, Although Allen reported a gross correlation between population
and noise levels, attempts to correlate average noise power levels with population density, as measured on
a finer scale, in U,S. Census Bureau standard location areas (SLAs)-=-of 1 to 5 square miles--have not been
successful (SPAULDING, A. D., et al., 1971). SPAULDING (1972) investigated the relationship between popu-
lation density and average noise power spectral density, Fgy in decibels above kT,, in signal-free channels
in tne band 250 kHz to 48 MHz. In the population density range of 1,000 to 25,000 per square mile, in San
Antonio, Texas, he found no significant corrclation between the average population density of an SLA and
the average values of noise level taken at several locations within the SLA. Correlation on a fine. scale
(dowm to an individual city block) has not been attempted.

A N T T T WMLy T

” SPAULDING et al. (1971), DISNEY (1972), SPAULDING (1972), and SPAULDING and DISNEY (1974) did find
significant correlation between vehicular traffic density and average noise power spectral density (Figure 3),
especially for frequencies above 20 MHz (Figure 4). Data taken later than those in Figure 4 indicate thac
the correlation remains high between 50 and 250 MHz. Therefore, it seems reasonable to conclude that ve-
hicle ignition systems will be potentially important sources of interference to radio systems operating
above 20 MHz, especially near roads. In rural areas remo:e from power lines and other sources, automobiles
may be the dominant noise sources below 20 MHz.

Overhead power lines are known to be an important source of man-amade nnise below 15 to 20 MHz.
SPAULDING and DISNEY (1974) reported relatively good correlation between elect.ical power consumptiou in
an area and the root mean square (rms) value of the noise envelope voltage F:low 20 MHz. They noted, how-
ever, that information on local power consumption in the United States is ¢ifficult to obtain. Overhead
lines can be important above 15 MHz (WARBURTON, F. W., et al., 1969), and the interference to television
from power lines has recently been discussed (e.g., LOFINESS, M. 0., 1970; JUETTE, G. W., 1972; CORTINA, R.,
et al,, 1973). We have observed that nearby power lines sometimes establish the baseline noise level at
MF and HF. This has been documented by power-on/power-off tests with omnidirectional antennas and by use
of directional antennas in areas where the lccation of power lines is known.

3. POWER LINES
3.1 General Comments

Power lines operating on ac can be categorized by their function (power transmigsion or discribution),
which determines their operating voltage and, thereby the mechanisms by which they produce radio ncise under
normal operating conditions. In general, the lower-~voltage distribution and transmission lines (below about
70 kV) produce noise from various types of discharges in gaps, while the higher-voltage tranamission lines
(110 kV and higher) generate noise by various kinds of corona (PAKALA, W. E. et al., 1968)., The high rate of
current rise tiansforms to a broader spectrum for gap noise than for corona noise, as obgerved with a pesk de-
tector (PAKALA, W. E.,, and CHARTIER, V. L., 1971), The low-voltage lines may also radiate noise resulting
from switching transients and other effects from derices comnected to the lines as sources of power.

High-voltage dc transmiscion lines gare coming into use (KAUFERLE, 1972), but there is nct yet much in-
formation about the noise from such lines. ANNESTRAND (1972) points out that noise is generited at the
converter stations, which then propagates on the lines., Shielding and filtering at thc converter stations
can reduce the noise significantly,

Most of the measurements of power-line noise reported in the literature have been made by using quasi-
peak detectors, although some data on power-line noise measured with peak and average detectors are avail-
able (THOMPSON, W. I., III, 1971). Measurements made with an rms detector are not generally available in
the literature (DISNEY, R. T., et al., 1974), but some Jata of this type are given in this paper and were
given by DISNEY and LONGLEY (1973) and SPAULDING and DISNEY (1974), From the standpoint of potential for
causing interference, the frequency ranges of interest include the audio spectrum (60 Hz to 5 kHz) for
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telephone use, the line carrier epectrum (5-150 kHs), and the radio-frequency spectrum above 150 kHz. This
paper is primarily concerned with the radio spectrxum,

3.2 Gap Noise é" ;

Gap noise is that noise resulting from a complete discharge between two metal objects (sparks) or be-
tveen s wetal object and an electrically charged surface (microsparks) (WARBURTON, F. W., et al., 1969).
The sources of gap noise include air gaps in insulators, at tie wires, and between hardware parts; excessive
electrical stress across wood, at corroded joints, between neutral wires and ground wires and, in electrical
apparatus that is defective, damaged, improperly designed, or badly installed. Gap noise is the predominant
source of power-line noise for frequencies above 15 MHz,

VT e ———

3.3 Corona Noise

The primary noise source om power lines above about 110 kV is corona. Although gap noise can and does
occur on high-voltage transmissior lines (greater than 110 kV), the gaps can usually be found and eliminated.
Several types of corona discharge contribute to the radio noise from high-voltage transmission lines (posi-
tive streamers, negative glow, negative streamers, and so on). The noise from corona begins to decrease
above about 1 MHz. The spectrum from negative corona (glow as well as negative streamers) decreases at
the sate of 20 to 25 4B per frequency decade, while that from positive atreamers falls off at 35 to 40 dB
per decade, according to JUETTE (1972) (Figure S).

3.4 Falr-Weather Average Noise Power

Fair-weather noise levels measured by using peask and quasi-peak detectors have been reported in the
literature. Figure 6 presents median values of average noise power spectral density data obtained by
saveral investigators at MF, HF, and VHF with rms detectors. Vertical monopole antennas were used; the
antennas were positioned directly under the line, with the exception of the 15-kV/16.67-Hz line. One of
the most interesting observations is that the 115-kV lines were noisier than the lines with higher or
g lower operating voltage. At any given frequency, the difference between measured medians for the noisiest
i and the quietest line was about 30 dB.

3.5 The Spatial Variables

Three spatial variations are of interest: the variation of noise level with height directly under the
line, that of the noise level along the line, and that with distance laterally away from the line. Examples
5 of these variations are discussed below.

The variation with antenna height beneath a 15-kV power line operating at 16-2/3 Hz in Germany was
measured at 2,5 MHz with a l-m vertical rod antenna and a receiver with an rms detector. The conductor was
approximately 8 m above grvund. The average noise power was observed to increase as the Stoddart NM-25T,
modified to measure F, (see MATHESON, R. J. and BEASLEY, K. R., 1972), was raised from the ground: +7 dB
at 1.2 m, +12 dB at 1.8 m, and +15 dB at 1,9 m.

g

Longitudinal variations as great as 15 dB were observed from place to place under the same line over
a distance of about 1 km, but the typical variation between towers was 2 to 5 dB, with an increase often
noted at the tower. The relative profile laterally from this line, measured at midspan at 2.5 MHz with a
short vertical monopole antenna, was: O dB under the line, -10 dB at 21 m, =15.5 dB at 43 m, -19.5 dB at
6l m, and -19.0 dB at 76 .

In the presence of rain, an F, value of 104 dB above kT was observed directly beneasth the line.
More typically, values of 80 4R above k’ro were observed there.

3.6 Seasonal Variation of Fair-Weather Radio Interference (RI) Levels

The seasonal variation of fair-weather radio noise was investigated by LaFOREST (1968) by studying i
one year of data on a 500-kV line in the northeastern United States. He noted the effects of relative air
density, relative humidity, and wind speed, as well as seasonal variations, and he deduced correction terms
for fair-weather RI levels (field strengths measured with a quasi-peak detector). He noted that summer
readings were higher then winter readings by about 12 dB. Various others have recorded the increase in RI
during rain or other bad weather, “

3.7 Variations Due to ¥Youl Weather

YAKALA and CHARTIER (1971) stated that noise increases of 17 dB were likely during rain. The IEEE
(1965) indicated increases of 15 to 25 dB during foul weather and also (1971) indicated increases of 20 dp
during bad weather, Data on RI levels taken on a Bonneville Power Admiiistration 345-kV line betwean May
1965 and liay 1966 (Figure 7) show an average RI level during rain of approximately 20 dB above that shown
during clear weather, while during snow the average level was nearly 26 dB higher than the clear-weather
level (BAILEY, B. M., and BELSHER, M. W., 1968), FORREST (1969) pointed out that "defect" noise on lower-
voltage (ll- to 66-kV) lines, caused by sparks and microsparks, tended to determine the fair-weather RI
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levels above 10 MHx. He noted that wet weather could cause RI increases of 5 to 15 dB in the band 100 kHz
to 10 MHz, due to corona, while causing RI levels above 10 MHz to decrease, due to the shorting out of -
arcing gaps. .

<é;7 3.8 BEffects of Insect and Other Particles

The effects of the presence of particles on or near EHV conductors were studied by NEWELL et al. (1968).
Observations of the variation in RI levels over a one-year period on a 230-kV tower line showsd that water
particles caused the highest RI levels. However, insect and vegetable particles caused high RI levels ap-
proximately 80 percent of the time.

3.9 Polarization Effects

PAKALA and CHARTIER (1971) observed that, in 60 percent of their measurements, those made with hori-
: zgontally polarized dipoles produced greater noise than those made with vertically polarized dipoles. The
v differences ranged from O to 10 dB over the frequency band 15 kHz to 10 GHz.

3.10 Concluding Comments

Our knowledpe of the noise from power lines is far from complete, Little of the noise messurements
to date have be - *. #ith rms meters, and even fewer data on the amplitude probability distribution of
the noise exist, - . main characteristics of noise from both low-voltage distribution and high-voltage
transmission li:.., aave been discussed., It is not possible to construct totally noise-free lines. How-
ever, 30od engineering practices in line design and good maintenance practice for operational lines can

greatly . ¥ .e the contributions of the noise from power lines to the composite man-made radio noise en-
vironment,
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4. IGNITION SYSTEMS
4.1 Introductory Comment

Ignition noise is generally found wherever automobiles or other vehicles using spark-initiated power
systems (e.g., trucks, boats, aircraft, and snowmobiles) are used. This noise is highly impulsive and
spreads over much of the frequency spectrum, At the low end of the spectrum (below about 20 MHz), ignition
noise is generally believed to be exceeded by power-line noise when both sources are present, as discussed
in Section 2 (see also JTAC, 1968)., The actual lower limit will, of course, be determined by specific situ-
ations, including the density of automobile traffic and the proximity of power lines. The high-frequency
limit to the automobile ignition noisgse spectrum has not been as well studied. Generally, instrumentation
) capability or investigator interest tapers off before the establishment of a clear upper limit., SRI made
5 a brief investigation this year in a suburban area in California, using a spectrum analyzer with a noise
figure of about 30 dB.* This investigation indicated that ignition noise is still an important noise com-
ponent in the range from 1 to 3 GHz. Although much of the time only receiver noise was found, increased
traffic intensity associated with the rush hour commonly produced noise spikes 30 to 40 dB above the re~
ceiver noise in a 100-kHz bandwidth at 1.2 and 2.9 GHz.

s -

4,2 Details of the Source

Ignition noise has three principal sources. In their order of occurrence during the ignition cycle

: they are: (1) the impulsive release of stored charge in the ignition system secondary wiring when the air
gap within the distributor breaks down, (2) the similar impulsive current flow in the spark-plug wire about
10 to 20 ua later when the spark-plug gap breaks down, and (3) the abrupt commencement of current flow in

v the breaker-point-to-coil wire when the breaker points are closed to restart the cycle anew, This last

source should not be a problem in the newer automobiles with electronic ignition systems. In measurements

of the radiation from a particular vehicle, {t is not generally recognized that the first two sources given

above are separate entities, because of their close spacing in time. However, special measurements (such

as those using wideband current probes) can be made that clearly show the two sources. Noise from the third

source occurs about 1 or 2 ms after the first two and is easily distinguishable. Let us next consider the

radiating system in which these impulsive currents flow,

Modern resistive ignition secondary wiving forms a very lossy antenna, with attenuation of about
0.4 dB/cm #t 10 MHz, 1.4 dB/cm at 100 MHz, and 3.1 dB/cm at 500 MHz, The high loss means that the two ends
of the "wire" from the distributor to the spark piug are isolated from each other at RF and that probably
for only the first few inches at each end is the wire an effective radiator. Impulses at either end of
the wire couple energy to the adjacent wiring and metal parts, so the ignition wire becomes the driven
element in a highly irregular antenna system, Therefore, within an N-cylinder automobile having the
standard inductive-discharge ignition system with breaker points, each of the N spark-plug wires is pulsed
at each end, and the eingle breaker point wire is pulsed for each plug, so that there are 2N + 1 individusl
iittle radiating antenna systems under the hood (bonnet). If the automobile engine is operating at R rpm,

*
For explanations of noise figure and other concepts, see MUMFORD and SCHEIBE (1968), and ARTHUR (1974),
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there are N . R/120 spark-plug firings per second, each with three impulses (caused by the two gap break-

downs and the bregkev point closure) into the radiating systems. The first two impulses often cgnnot beg_é
resclved with narrow-band detectors. NIELSON (1974) noted that a receiver with 16-MHz bandwidth still

seems to be band-limited when looking at igrition noise at 1,37 GHz. The rise time of the ignition noise

pulse is of the order of 1 ns, and it depends on the suppression techniques used (BURGETT, R, R., et al.,

1974), so one might expect significant radiation to at least 1 GHz.

The frequency chavacteristic of the automobile as s radiating system driven by all these sources is
highly irregular. Measurements made at 10 m using a frequency-scanning peak detector are shown in Figure 8.
Since the automobile system is excited with brief impulses, the determining element in the frequency re-
sponse is the automobile's radiating efficiency. The response shows broad peaks where some portion of the
vehicle's strpcture is radiating effectively and wide nulls where no such resonances exist, An examination
of the automobile's radiated field with regard to frequency shows a complex structure varying with the angle
from which the vehicle is viewed, Additional variations in the observed spectrum can be introduced by the
nropagation or coupling mechanisms and by the receiving system.

As an additional complexity, successive pulses from an automobile are not of the same amplitude; they
vary by 20 or 30 dB (STORWICK, R. M., et al,, 1973; HSU, H. P., et al., 1973, 1974) and even with successive
pulses from the same cylinder (MAXAM, G. L., et al., 1973a, b). The studies just referenced were all pulse-
height measurements, although the term amplitude distribution (easily confused with amplitude probability
distribution, APD) was used to describe the presentation by HSU et al. (1973, 1974) a:d STORWICK et al.
(1973). MAXAM et al. (1973a, b) called the same distributions pulse-height distribuc:lons.

Part of the pulse-to-pulse variation is probably attributable to the differences i u.2akdown potential
that result from inhomogeneities in the air-fuel mixture and possibly from air turbulence within the dis-
tributor cap. Gap breakdown characteristics may also be influenced by microchanges in the electrodes,

There are also longer-term (several-second to several-minute) trends in the field, Automatic plotting of

a peak detector's output (SHEPHERD, R. A., et al., 1974b) sometimes shows sudden 10~ to 20-dB changes in the
noise output and often shows slower changes of the same magnitude over a minute or less. Although the rea-
son for this is not clear, it is certain that a quick look at the noise from the automobile will provide
only a small sample of a possibly nonstationary random process., It is evident that this coatributes to

the problem of obtaining consistent or repeatable measurements of ignition noise from vehicles.

4,3 Meagsurement Techniques and Descriptive Parameters

Various techniques and parameters have been used to measure the noise from automobiles. For uniform
test procedures, both the IEEE (1966) and the SAE (1974) standards require peak field-strength measurements.
However, neither standard furnishes a working definition of, or guidance about, what is meant exactly by
peak field strength. Without this guidance, different results can be obtained from the same source since
the automobile is a source of highly random impulsive noise (SHEPHERD, R. A., et al., 1974a). 1In Europe a
quasi-peak detector is favored by CISPR (1971) over the peak detector used in the United States for the
game sort of measurements (see also STUMPERS, F. L., 1971; BAUER, F., 1973). Although suggestions can be
found that at 1500 rpm the peak field strength is 20 dB greater than the quasi-peak field strength (e.g.,
BAUER, F., 1973; and SAE, 1974), this does not appear to be consistently the case, Measurements made in
Anderson, Indiana, in 1959 by BALL and NETHERCOT (1961), using severai vehicles and several measurement
systems, resulted.in an empirically determined peak~to-quasi-pcak ratio of about 21 dB, Quasi-pesk de-
tectors with charge time co- 'tants of 1 ms and discharge time constants of 500 and 600 ms were used. These
measurements were made between about 30 and 200 MHz, with engine speeds generslly about 1000 rpm (for 4-
cylinder to 8-cylinder vehicles). 1The average of a number of peak-to-quasi-peak comparisons was about
21 dB, but under various measurement situations the ratio ranged from about 26 dB to about 13 dB, More
recently, comparative measurements of a number of {ndividual vehicles with V-8 engines were made in San
Antonio by SCHULZ et al. (1973). The engines were operated at 1500 rpm; the gntenna height was 3 m and
the spacing was 10 m, as required by SAE J551 (SAE, 1974). The measurements were made at seven fixed
frequencies between 36 and 1000 Miz, using an Electrometrics EMC-25 having both peak and quasi-peak detector
functions. The quasi-peak detector had charge and discharge time constants of 1 ms and 600 ms, respectively,
These measursments indicated an even greater variability of the peak-to-quasi-peak ratio, While the 20-dB
empirical relationship between the readings of peak and quasi-peak detectors may be a useful (and suffi-
ciently accurate) approximation for facilitating international trade, it should not be taken as a deter-
ministic constant.

e Y WY+ TmAn = 1w

Root-mean-square (rms) fiszld strength measurements have been made at fixed frequencies by a number of

: experimenters, but no frequency-scanning measurements with an rms detector have been noted in the litera-

: ture (according to DISNEY, R, T., et al., 1974). SRI researchers have observed that the aversge noise

: pover as measured from the front of a single vehicle can exhibit variability with frequency in the range

; of 15 to 30 MHz (Figure 9) and have also noted a significant increase in noise level from the same vehicle
after "routine” maintenance, during which new plugs, bresker points; condenser, and xesistive wiring har-
ness were installed, A model was developed by SPAULDING et al. (1971) (see also SPAULDING, A. D., 1972)

to estimate the noiss powar spectral density, L (vatts/hertz), from distributions of vehicles as a function
of road geometry and radio frequency.
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4.4 Recent Amplitude Probability Distribution (APD) Measurements of Automobile Ignition Noise

The APD is the cumulative distribution of a receiver's envelope amplitude, Only a few measurements of
the APD of ignitian noise from single vehicles are knowm to have been made (and none from aircraft); thesge
were made by using two different techniques, over a wide frequency range. The measurement system used by
SCHULZ and SOUTHWICK (1974) had an adjustable threshold and a timer system, so that the percentage of time
that the threshold was exceeded could be measured. Since this system examined only one threshold level at
a time (for 1 second), any changes in the behavior of the automobile as a noise source between the measure-
ment at one level and that at the next lavel could be a source of difficulty, These APDs were made at a
number of frequencies between 36 and 1000 MHz and at several bandwidths between 3 and 300 kHz. Figure 10
shows APDs for a single vehicle, synthesized by averaging the results for four vehicles. SCHULZ and
SOUTHWICK (1974) noted the repeatability of the data, especially when three or more vehicles were observed
simultaneously on several days or when the results of several vehicles were averaged. These APDs exhibited
much the same structure as the upper (impulsive) portion of the APD measurements on automobilies made at HF
by SHEPHERD et al. (1973) using a different technique (see also SHEPHERD, R. A., 1974).

SHEPHERD et al. (1973) sampled a detector output at 200 times per second for about 10 minutes and con-
verted the data to digital form for computer processing to provide the APDs over a 54-dB dynamic range.
Simultaneously, the rms level and the parameter V4, the ratio in decibels of the rms to the average en-
velope voltage, were computed. Figure 1l shows a s2* of these APDs for two vehicles with V-8 engines (a
1962 Chevrolet pickup truck and a 1967 Mercury fcu;:i) und vue vehicle with a 4-cylinder engine (a 1962
Volkswagen). The Chevrolet pickup used for thesc A?Da hud hsen deliberately made noisy by replacing its
-asigtive secondary cabling with metal wiring, but ti. other two vehicles had not been modified. When the
+ugines were idling, the pickup's maximum levels and i:: zverage power were gbout 15 dB above those for
the other two vehicles. When the engines wete racing, the maximum values for both the pickup and the
Mercury decreased, while their noise power increased, although by only 0.5 dB for the Mercury. The Volks-
wagen's maximum remsained about the same, but its power increased by about 8 dB, At 4000 rpm it had the
same pulse rate as an 8-cylinder car at 2000 rpm, These APDs demonstrate that vehicles behave differently
in terms of their average power and their maximum observed levels. (We refer to maximum levels on the APDs
instead of to peak levels to avoid confusion with the peak parameter measured with a peak detector.)

Although the APDs for different vehicles may vary widely (SHEPHERD, R. A., 1974; SCHULZ, R. B., and
SOUTHWICK, R. A., 1974), the APDs are not greatly different for changes in traffic intensity on a rural
freeway, because they ''average together" the wide variety of noise-producing vehicles that pass. This
averaging effect was noted within an urban area by SPAULDING et al, (1971) as "an encouraging find," since
the APD is sometimes sufficient for system performance analysis and for system design. Figure 12 demon-
strates the striking similarity in APDs made over 10-minute periods on three days, at the same location,
for traffic intensities with a thres-to-one range.

A very general model for estimating the APDs from a group of cars was developed by COHEN (1972), and
the modeled APDs were compered with the measurements of SHEPHERD et al. (1973) by GILLILLAND and BREWER
(1974). Most of the predicted APD values differed from the measured values by only 1 or 2 db across the
intended range of model applicability (i.e., APD values of 2 percent and lower, corresponding to frequency-
shift-key (FSK) bit error probabilities in the range 102 and lower).

4.5 Variability from One Automobile to Another

The rms measurements have beer used to note the great variability in noise from one automobile to
another. Measurements made in Spain by ENGLES (1974) and on Guam by SRI, using modified NM-25T and NM-26T
receivers with 38-cm loop antennas, show quite clearly the wide range of noise production observed with
even a snmall sample of vehicles in service (Figure 13). About 2 percent of the cars were found to be 30
to 35 dB noisiar than the median vehicle. The measurements were made while the vehicles moved slowly past
the gntenna, one at a time, Similar measurements made in Scotland by ENGLES (1974) indicated (again from
only a small sample of vehicles) that an even tmaller percentage of vehicles in Scotland are extremely
noisy (the 2-percent level was above the median by only about 15 dB, and the median vehicle seems to have
been about 3 dB quieter than the medians for the measurements in Spain and Guam). This trend of propor-
tionally fewer noisy vehicles appears in measurements made by SRI in Germany in 1971 with the samne type of
receiver but with a 3-m whip antenna and also in mcasurements made in the United States (SPAULDING, A. D.,
1972). The U.S., Scottish, and German distributions all have the same general slope (although we cannot
understand why the U.S. measurements are so far above the others), indicating that there appear to be
proportionally fewer very noisy vehicles in those countries than in Spain or Guam. It is not clear why
this should be so, but experiments designed to identify and classify the particularly noisy vehicles would
help in determining whether some vehicle types are inherently noisy or whether this characteristic is
acquired with age or as a result of some modification (such as replacing resistive ignition wiring with
solid copper wiring).

The effects of the small proportion of noisy vehicles are much greater than those of the majority of
the vehicles on the strests. In observations of the effects on land mobile communications, DEITZ et al.
(1973) referred to the existence of these "super-noisy' vehicles and showed that a group of vehicles con-
taining some that are super-noisy can degrade narrow-band FM voice communications by about 10 dB morc¢ than
a similar group of vehicles not containing the super-noisy ones. In their tests, degradation was defined
as the increase in signal power required to reestablish the quality of reception obtained without the
ignition noise.
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Pigure 14 1is an example of automobile jgnition noise as it appeared near a freeway. This measurement
was made by recording the rms meter voltage of a modified NM-25T receiver vhile the antenna was about 16 m
from the nearest lane of a freeway (SHEPHERD, R. A., et al., 1973). During the measurement period, traffic
was passing at ¢ rate of about 24 cars per minute.” The flat portions of the chart record represent the
periods when only quiet vehicles were passing. The noisy vehicles were sometimes 40 dB above the quiet ? 7
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vehicles. Considering the traffic speeds involved (about 100 km/hr) and the fact that the noisy vehicles
can be observed for a period of 30 seconds or so, it follows that the noise from the noisy vehicles at
about 400 m exceeds that from the quiet vehicles passing as close as 16 m.

4.6 Concluding Comments

Ignition systems are highly variable sources of man-made radio noise, which contribute to the composite
electromagnetic noise environment even up into the microwave region., While data have been tgken on in-
dividual vehicles, relativcly little is known about the causes of the variability and even less is known
about the range of variability of the noise of automobiles in service, The relatively few analytical models
for the noise from vehicles have yet to be adequately checked against experimental data.

35, OTHER SOURCES OF MAN-MADE NOISE

Power lines and sutomobile ignition systems are not the only sources of broad-band electromagnetic
noise., Numerous other sources exist within the categories listed in Table 1, and it appears that no por-
tion of the spectrum and few areas of the world are unpolluted. As a low point within the electromagnetic
spectrun, as well as with respect to the earth's surface, BENSEMA et al. (1974) and KANDA (1974) reported
spectrum measurements of man-made noise from 1 to 100 kHz arising from the operation of dc machinery in a
coal mine. As an example of remoteness (although the source in question was power-line nuise), STUART and
SITES (1973) noted thst "from a communicator's and experimenter's point of view, man-made noise is a definite
problem in Antarctica," and they found it necessary in that part of the world to go several kilometers from
the centers of activity before natural noise became the limiting source.

Since the automobile uas sources of noise other than ita ignition system, these additional sources
will have the potentisl of causing disruption whenever the automobile is used., Considering the lower-
frequency observations first, BOLTON (1972) reported that the high-level noise at 76 kHz in a public
parking lot in Denver was due to noise generated by automobile starters. Fortunately, thia noise generally
lasts for only a few seconds per vehicle,

Another source of noise within the automobile is the alarm buzzer intended to alert the driver that
he is opening the door with the key still in the ignition lock. (Presumably, the other alarm buzzers that
alert one of unfastened seat belts and so on also make noise.) Comparisons of the rms voltage of the noise
from the door-alarm buzzer with that of the ignition noise were made by SHEPRERD et al. (1973) and by
LAUBER (1974) at 20, 25, and 30 MHz, These fixed-frequency measurements indicated that a car's door buzzer
noise might exceed its ignition noise in the upper part of the HF band by up to 25 dB.

SRI made frequency-scanning measurements on a vehicle, using a peak detector at a distance of 10 m,
in accordance with SAE J551c (SAE, 1974) standard. These measurements indicated that buzzer noise is com-
parable to ignition nolse up through 1000 MHz, Figure 15 shows some comparative measurements up through
500 MHz, made without moving the vehicle or the antenna. Fortunately, buzzer noise is usually intermittent
relative to ignition noise.

An automobile's horn is used only seldom, which is fortunate from the standpoint of audio-frequency
and radio-frequency noise. During a brief measurement session SRI cbserved that the major noise source at
413 MHz in a narrow street in San Francisco was a back-up signal horm on a truck about 50 m away. It ex-
ceeded the truck's ignition noise by at least 15 dB.

Some other transportation systems are also generators of man-made radio noise. VINCENT and ELLISON
(1974) made measurements alongside the tracks of th new Bay Area Rapid Trencit (BART) system in the San
* Francisco area. These measuvements show that, although the general background noise level between 4 and ‘
8 MHz in the urban area was already quite high, impulsive noise from the trains (powered by a 1000-vV dc !
third rail} exceeded the background by 20 to 30 dB. Strong radio noise bursts associated with bright ‘
arcing in the wheel area of trains approaching a station were noted. This noise was not observed to be
associated with departing trains, The departing trains produced impulses at about 220 pulses per second,
“probably associated with the drive motor control circuitry." This impulse noise was noted to disappear
for about 2 seconds as the propulsion system power was reduced, and it then resumed with a slightly dif-
ferent structure as power was reapplied.

In Germany SRI researchers nored noise over the HF band from the electric trains and their 15-kv,
16.67-Hz power line. (Diasel-electric engines on the same track were not observed to generate significant
noise above ambient.) The power line was a major source of noise, with large groups of impulses occurring
at 33.33 Hz, signifying a number uf gap breakdowms at one or more places on the line for each voltage
waximum,

*
The record was made at the same time and on the same antenna ac one of the APDs of Figure l2.
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The measuring system used by Vincent and Ellfison has also been used to observe noise from silicon-
controlled rectifiers (SCRs) and from industrial heating devices such as those used for plastic welding.
At HF this noise may propagate for thousands of miles by ionospheric reflection, it is becoming more and
more a problem as large SCRs are increasingly used in industrial and manufacturing processes (VINCENT,
W, R., 1974), Figure 16 shows three views of a 3-second period of the noise from a desk-top electromechani-
cal calculator in th. 30- to 50-MHz region. FORD (1972) observed that modern pocket-sized calculators are
also potentially significan: noise sources.

City noise consists of the accumulation of all the high-level, short-duration pulses from switching,
operation of machinery, and so on that take place in a city, Automobile ignition noise (and other automo-
bile noise) and power-line noise certainly contribute to city noise. Other noise sources are arc welders,
superregenerative receivers, and household appliances (MARTIN, H., and TABOR, F., 197%; MILLS, A. H., 1971).
The sources for this noise are so numerous that the pulses generally overlap in a receiver, and the resolu-
tion of individual sources is not possible., LYNN (1972) referred to this noise as "electromagnetic smog."
He described a number of electromagnetic compatibility problems (not all from broad-band noise) to show the
“'generally insidious and sometimes ridiculous" nature and effects of man-made ndise.

City noise was measured from aircraft over Seattle at HF and below by BUEHLER and LUNDEN (1966), over
Florida at VHF by PLOUSSIOS (1968), and over Illinois at frequencies up to 440 MHz by SWENSON and COCHRAN
(1973). In the Seattle area, Buehler and Lunden concluded that at otherwise quiet times city noise may
control reception at 1 MHz about 65 km from the city center over land and out to about 160 km from the
city over salt water. While flying at about 3 km over highly populated areas in Northern California, ROTH
(1958) observed increases of about 12 dB above the ambient galactic noise at 40.38 MHz,

The Swenson and Cochran measurements were made from an aircraft altitude of approximately 700 m over
about 20 cities and towns ranging in population from 200 to 90,000. At 222 MHz, all (except possibly one)
produced discernible noise, Similar flights over a large coal-fired power-zenerating plant and over power-
switching yards did not provide noticeable noise. One village (population about 500) was found to have an
unusually large amount of notse. A ground search turned up a superregenerative receiver on an automatic
garage door opener, radiating continuously over a wide frequency band,

There are various sources of radiation in aircraft (e.g., ignition and electrical systems including
inverters and alternators) in addition to the transmitters they carry. The noise levels to which an air-
plane is subject are the compd 3site of those produced by the on-board equipment and those produced bty sources

n the ground (e.g., the noise digscussed abcve). Swenson and Cochran found it necessary to equip their re-
-eiving system with a noise-blanker to keep their small plane's shielded ignition system from interfering
with the measurements,

Man-made radio noise can be found even in remote rural aress, although whether it is a problem there
is not certain. CONE (1972) made measurements at 137 MHz to determine the suitabjlity of a remote rural
area in South Dakota for a satellite tracking station. He found that galactic noise generally predominated
but that man-made noise was sometimes the limiting noise. Automobiles were particularly noticeable when
they were in "close proximity," which in this survey was within 0.8 km of the measurement location. An
electric fence about 3.2 km from the site established the noise threshold for many hours.

This discussion of miscellaneous sources of man-made electromagnetic noise is far from complete and
is intended primarily to illustrate by example the diversity among some recognized sources.

6., MAN-MADE RADIO NOISE PREDICTIONS

SPAULDING and DISNEY (1974) discussed two methods of predicting m-m_nde radio noise. One method is
based directly on past measurements; the other depends on the correlation of past noise measurements with
some predictable parameter(s) of the environment,

The first prediction method assumes that the behavior patterns noted at '"typical" locations will be
the same at similar locations in the future, Analysis or the available data base for each category of
location will then provide the estimates of the man-made radio noise conditions to be found in future lo-
cations in the sgme category. Spaulding and Disney defined chree basic location categories: business,
residential, and rural. Figure 17 shows median power spectral density values for the band 250 kHz to 250
MHz for these categories. This is an updated version of a similar plot for urban, suburban, and rural
areas given by JTAC (1968). The user of the data base must determine the category that best describes the
location for which he desires to predict the parsmeter.

The data basc consists of about 300 hours of data collected simultaneously on eight frequenciea* in
six states and in Washington, D.C., at various times between 1966 and 1971. The measurements were made in
103 different areas, generally in the morning hours so that atmospheric noise would be at a low enough
level that the man-made noise would predominate. The standard deviation of all the medians for the measure-
ments in the 23 business areaa about the values given in Figure 17 was approximately 7 dB. For the 38

*
Some data were taken at 1 and 10 MHz, in addition to the standard measurement frequencies listed in
Table 2.
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residential and 31 rural areas, the corresponding standard deviations were approximately 5 and 6.5 dB, re-
spectively. The expected variation of man-made noise lavels about the median L value observed within a
given hour are summarized in Table 2 for each basic catagory.

TABLE 2 EXPECTED VARIATION, WITHIN AN HOUR, IN MAN-MADE RADIO
NOISRE LEVELS ABOUT THE MEDIAN VALUES*

' a M!
E;ﬂcy n:‘(';sl)“'no;(r:nﬂ R;;f:n)t ;‘(:;) n“l:::)l o‘(:n) |

0.25 | 8.1 6.1 9.3 5.0 |10.6 | 2.8
0.5 |12.6 8.0 12.3 4.9 [12.5 | 4.0
1.0 9.8 4.0 10.0 4.6 | 9.2 | 6.6
2.5 |19 9.5 10.1 6.2 [10.1 | 5.1
5 11.0 6.2 10.0 5.7 | 5.9 | 7.5
10 10.9 4.2 8.4 5.0 | 9.0 | 4.0
20 10.5 7.6 10,6 €.5 7.8 5.5
48 13.1 8.1 12,3 7.1 | 5.3 | 1.8
102 11.9 5.7 12.5 4.8 {10.5 | 3.1
250 6.7 3.2 6.9 1.8 | 3.5 | o.8

*
See Figure 17 for median values,

fDu = ratio of upper decile to median, in decibelas,

*D‘ = ratio of median to lower decile, in decibels.

Eleven areas did not fall neatly into any one of the three standard location categories., The data
from interstate highways outside of main towns or cities and those from fairly large parks and university
campuses within cities were treated separately.

The second major type of estimation method involves the correlation of the received noise with various
predictable parameters of the environment. The most successful "predictor" found to date for frequencies
above about 20 MHz i{s traffic density. This, combined with traffic engineering estimates of future highway
usage, may provide the best estimate of future radio noise levels at many locations. Use of the model de-
veloped by SPAULDING and DISNEY (1974) for vertical-monopole antennas requires the following information:
(1) the mean and the variance of the power spectral density (in decibels) radiated from individual vehicles
at some particular measurement distance of interest, (2) the traffic density in vehicles per hour, and
(3) the average speed of the vehicles. For antennas other than the vertical wonopole, the mcdel requires
a modification in the antenna gain pattern.

The predictions described above pertain to the ground environment. It would be useful to have models
for the noise levels from unintentional radiators to be encountered by aircraft and possibly even by some
satellites. Although some attempts at such models have been made (e.g., SKOMAL, E. N., 1970; BUEHLER, W. F.,
and LUNDEN, C. D., 1966), this work is far less advanced than the work on models for the ground enviroanment.

7. VOIDS IN KNOWLEDGE ABOUT MAN-MADE RADIO NOISE

One would like to know whether man-made noise leveluy are increasing, decreasing, or staying about the
same, but currently there is only a sketchy answer to this question. Increases in the number of noise
sources (e,g., the number of power-line miles, and the number of registered automobiles) or in the parameters
probably related to man~-made noise (e.g., power consumption) have been noted in the United States (JTAC,
1968). The data on the proliferation of silicon-controlled rectifiers and other more recently developed
noise sources may be useful., /s discussed by SPAULDING and DISNEY (1974), these data indicate that the
noise levels in i:he United States are probably increasing, but they are not useful for cstimating the
elestromagnetic environment at any given location, LYNN (1972) looked at equipment densities on a regional
buis, but even this is too coarse for predicting levels as a function of the local environment. Identifi-
cation of trends (if arv) in the average noise power levels over a period of years can only be made by
mexsuremants,

Long-term measurements of man-made radio noise at the same location are relatively scarce (ENGLES,
J..W., and HAGN, G. H., 1973), wmaking it difficult to identify trends in noise levels. Some limited data
f'r Washington, D.C., for 1960 and 1966, suggest that the levels are staying about the same in highly de-
veloped urban areas where vehicle traffic density is already very iarge (SPAULDING, A. D., and DISNEY, R. J.,
1974).




Spaulding and Disney's data base on man-made radio noise in business, residential, and rural areas in
the USA for the frequency range 250 kHz through 250 MHs is probably the best information available on
vexage noise powsr spectral demsity. It can ba used for pradicing changes in noise levels as an area is
570;“!.10”'1 from rursl to either residential or urban. Th: tima tf'tn of change of noise levels would be re-
: lated to the development time scale. The information gi/en in ! :gure 17 has been adopted internationally
(CCIR, 1974), but it has not yet been axtensively checkel outside the USA. Few data on average noise power
or powar spectral density are available for frequencies above about 250 MHz, SKOMAL (1973) has summarized
soms results extending to 1 GHx.

: Fev data have been taken simultaneously in different bandwidths with the same type of detector. There-
: fore, rules for extrapolating data from one bandwidth to another are not well worked out for man-made radio
noise. A method has been developed for this type of extrapolation for atmospheric radio noise (SPAULDING,
A. D., et al., 1962), but this method has not been adequately verified experimentally except over a very
limited bandwidth range (SPAULDING, 1974).

Still another category of void in our knowledge pertains to the lack of standardization of nomenclature
and measurement techniques, The CISPR requires a quasi-peak meter whose time constants are chosen to corre-
late with'sn annoyance factor for AM broadcasting. Attempts have been made to correlate the readings from
CISPR quasi-peak meters with degradation to other types of service, such as television (e.g., STUMPERS, F. L.,
1970, 1971, 1973; BAUER, F., 1973; CORTINA, R., et al., 1973),
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Unfortunately, when dealing with random processes it is not possible to relate analytically the re-
sponse of a quasi-peak detector to that of an rms detector, which measures the average noise power as used
to calculate signal-to-noise ratio in statistical communications theory (GESELOWITZ, D. B., 1961, MATHESON,
R. J., 1970). MAGRAB and BLOMQUIST (1971) discussed the problem of measuring transients and low-duty-cycle
waveforms, '

Another variety of void pertains to our knowledge of how best to sample the more general classes of
nonstationary random processes. BENDAT snd PIERSOL (1971), MAGRAB and BLOMQUIST (1971), COX and LEWIS (1966),
and others, have addressed the problems associated with the measurement and analysis procedures for random
data. MIDDLETON (1972) discussed the concept of macrostationarity., He defined a macrostationary process
as one that is not truly stationary in the analytical sense but that can be treated as such for periods
during which the changes in the source conditions are small. In any given case, it is usually the sample
data themselves that reveal the degree of nonstationarity. Even if the changes in source conditions axe
large, the data can be treated in a meaningful way if the sources have operated long enjugh to have been
in most of their possible states during the observation interval. KANDA (1974) successfully used the vari-
! ance analysis of ALLAN (1966) to determine the minimum length of time required for observing the electro-
N magnetic noise in mines, Other distribution-free techniques are also potentially useful (e.g., WALSH, J.,
1962, 1965, 1968).

The final category of void concerns our ability to relate the effects of additive non-Gaussian noise,
as measured in the environment, to the performance of specific systems. Many of the electromagnetic en-
vironmental data available are not directly applicable to the analysis of the performance of particular A
communicativn systems. There are several reasons for this. The most direct approach to the analysis of
communication systems is to develop an analytical model for the performance of the particular system, re-
quiring, as inputs to the model, information about the desired signal and the noise; to gain confidence
in the model by simultaneously measuring the performance of the system and parameters necessary for the
model's use; and to compare the modeled performance with the observed performance. It is then possaible to
acquire the uppropriate nolse environmental data base by measuring the noise parameters required by the
model and, perhaps further, to model the noise in a way that will facilitate estimating the required param-
eter for situations for which measurements are impractical. If this were done for a variety of systems it
would probably be noted that certain noise parameters are frequently required, It follows that those com-
mon Tarameters should be measured whenever practical, in order to fill ia some of the current voids in our
present knowledge of man-made noise.

Statistical communication theory gives general guidelines for analysis and design of aystems intended
for operation in impulsive noise environments. The power spectral density of the noise and the amplitude
probability distribution function of the instantaneous amplitude at the output of the predetection filter
of the commmications receiver are frequently necessary but not always sufficient to analyze the performance
of digital modems.

Commonly measured parameters, such as the peak and quasi-peak voltage have been correlated with the
performance of analog voice and television systems (BURRILL, C. M., 1942; JUETTE, G. W., 1972; CORTINA, R.,
et al., 1973). while considerable data on these parameters exist they are not particularly useful for
analysing digital systems,
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! FIGURE 9 VEHICLE IGNITION NOISE, 1963 FORD PANEL TRUCK (SIX CYLINDER,
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FIGURE 10 SINGLE-VEHICLE APD DATA (AVERAGE OF FOUR VEHICLES)
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FIGURE 12 APDs SHOWING LIGHT, MODERATE AND HEAVY TRAFFIC
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FIGURE 13 DISTRIBUTIONS OF IGNITION NOISE POWER SPECTRAL DENSITIES
MEASURED AT SEVERAL LOCATIONS (MOVING VEHICLES)
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FIGURE 15 COMPARISON OF IGNITION NOISE AND BUZZER NOISE--1972 BUICK
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DISCUSSION

F. D. GREEN: One reason why there have not been many measurements of man-made noise at VHF (in land
mobile band) is because there have not been many complaints of noise at VHF in urban areas. My
experience has been not to be able to obtain support for measurements in this range because complaints
are few. This is undoubtedly because sufficient power is permitted to cover the urban area on each
assignment. Nonetheless, it seems important to make noise measurements in the VHF range, otherwise,

1ike the "horsepower" race in automobiles, we will arrive at a stage where the noise, 1ike the danger,
may be intolerable.

R. A. SHEPHERD: What can I do but agree? We should also note that the degradation caused by the
noise may not be noticeable to the user of the land mobile system, It may operate against the AGC
circuit to decrease the sensitivity of the receiver, an effect that may not be noticeable to the user.

G. H. HAGN: Complaints are a useful input to the identification of potential problems, but they are
neither necessary nor sufficient when {t comes to assessing where additional work is required. Mr. J. Deitz
of the US Federal Communications Commission has recently quantified how much additional transmitter power
(effective radiated power)is required for the VHF Tand mobile ralio systems to override the noise for a
given grade of service. Also, one might expect that in areas of “fringe coverage" the FM and TV broad-

cast listeners might suffer interference and some of them might even complain if they thought thev could
get a remedy.

D. BOSMAN: In the noise data on power 1ines a depe:dence on weather conditions is auite clear. Can vou
tell us which antenna types were used in the experiments, and whether the antennas were shielded from
or exposed to the parameter in question, i.e., rain or snow? (Background of the question: What was

mainly measured; power of the noise source, variation in transmission and/or effects on the antenna
characteristics?)

R. A. SHEPHERD: The power line data shown as a function of weather condition was all abstracted from
material in the open literature and I do not recall the situations of the antennas' possible exposure.
The noise increases, however, are real; they have also been observed when short sections of test lines
are subjected to sprinkling of water,etc. We would not expect rain or snow in the air to appreciably
affect the path between the source and the receiver at the frequencies (LF and HF) used.

G. H. HAGN: The precipitating particles impacting on an unprotected antenna have the potential to
cause noise which can be observed at the receiver output, usually due to corona from the antenna
itself. It is important to be able to sort out noise from this source and the noise from the power-
1ine under observation. For the data (described in the last paragraph of Section 3.5) taken during
rain I used a 1-m vertical rod antenna which was completely exposed. I assured myself that the

observed noise came from the power 1ine by moving the antenna arourd and correlati hanges in level
of several dB with proximity to the power line towers. ating changes i

F. S. STRINGER: Is it practicable to identify the directiun along which a high power line lies and the
direction of the nearest point to the obsorver by DF techniques? If so, what practical maximum range
is 1ikely to be obtainable?

R. A. SHEPHERD: It is possible to locate the sources of gap type noise but this is generally done in
ad hoc manner in order to tighten the hardware or to otherwise suppress the sources. A system to
identify the direction to and the direction of power lines that are radiating corona noise has not
been, so far as I know, attempted. The range limitations would depend upon the other sources of noise

in the area and the system's ability to discriminate between the noise from the power line and that
frrom other sources.,

G. H. HAGN: It should be possible in some cases to use direction finding techniques to locate power
lines which are acting as distributed sources of noise from corona as well as for locating the noise
from specific gaps. Both airborne and ground-based techniques can be applied to this problem. The
success in general, should be highly variable, and any given case will probably depend on the exact

details of the system used, the geometry of the line, the weather, and the composite electromagnetic
noise environment at the location of the receiving antenna.
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E . On fait l'inventaire des sources de bruit naturelles dans tout le domaine radiocélectrique,
en précisant la nature de ces bruits. Certaines émissions sont continues et & spectre trds large (émission
galactique, radiosources) d'autres sporadiques et 3 spectre irrégulier (sursauts du Soleil e+ de Jupiter,

i Pulsars).

i

13

P On donne leurs caractéristiques moyennea dans les diverses partizs du spec‘re, en préci-
i gant leur effet "parasite" sur les télécommunications terrestres.

I - Introduction

Du point de vue de l'Astronome, les émissions radiuélectriques des astres ont une impartance
considérable. Elles nous renseignent sur de tr2s nombreux probldmes d*astrophysique, depuis la structure
de la magnétosphadre de Jupiter jusqu'a l'évolution m8Bme de 1'Univers.

Du point de Jue des radiocommunications terrestres par contre, ces "bruits cosmiques" cons~
tituent une nuissnce, car ils voni, dans de nombreux cas, limiter lz sensibilité des instruments, et pour=~
ront parfois 8tre confondus avec les signaux "utiles" que l'on cherche a détecter.

Il est donc important de faire l'inventaire de ces bruits cosmiques, en regardant leur in-
tensité, leur distribution sur le ciel, et leur spectre dymamique, c'est-a-dire, dans le cas des sources
tréds variables, les variations de leur intensité en fonction de la fréquence et du temps.

- L'usage, en radicastronomie, est d'exprimer l'intensité d'une émission, quand la source esi
beaucoup plus petite que le lobe de l'antenne, par sa densité de flux exprimée en watt par mdtre carré de
surface réceptrice aur la Terre et par Hertz de bande ?assantu. L'unité habituelle est de 10-26 w,m=2 Hz‘!

; et les sources corwes s'étagant antre 10-16 w,m=2 Hp=' et 10° W, m=2 Hz~1,

Qua'wi les sources sont trds étendues, on définit plut8t la "brillance" B qui est égale au
flux regu, en wat®, per mdtre carré de surface réceptrice au sol, par Hertz de bande passurte et dans un
angle solicde de 1 stur@dian vu de la Terre,

i Ceci nchs corduit 3 définir la Température de brillance, T, qui, pour les sources de dimen-
] sicn appurente sensib’’e est égale A la température que devrait aveir un corps roir de mBme dimension que la
4 source pour rayonner L'intensité obeservée. On montre facilement que l'on a les relations
A
: S = Z_RIL 9]
3 IS .
I 2K T
4 b= ~<X 1h (2)
¥ )2
*
" " Ceci n'est autre que l'approximation dans le domaine radic de la loi de_rayonnement dy Corps
» r§ir de Plank. (k = constante de Boltzman, = angle solide sous~tendu par la source, )\ = longueur d'onde

Il faut insister sur le fait que la Température de brillance ne représente généralement pas
la Température réelle de la source. Ceci n'est vrai gque dans le cas d'un astre 3olide, comme la lune ou les
. plandtes, aux fréguencus ol leur coefficient de réflexion est nul, et des nuages gazeux dant 1'émission
est dite "thermique" et i'épaisssur optique trds grande. Mais dans la majorité des cas, la Température de
brillance fait intervenir 1'épaisseur optique du gaz emissif et surtout le mécanisme d'émission lui-mlme.
On peut ainsi avoir des températures de brillance comprises, suivant les astres D®K (ou 3°K pour le fond
continu "cosmologique" sur ondes millimétricues) at 1022sg pour certains pulsara.

Nous dirons pour termirer cette étude quelques mots sur les techniques de détection des
bruits cosmiques. Mais pour compléter les définitions, il faut définir la "Température d'antenne” plus
souvent utilisée en radioastronomie qu'en télécommunication.

La Température d'antenne est la température que devrait avoir une résistance adaptée mise
2 la place de 1l'antenne pour envoyer au récepteur une tension de bruit égale A celle anvoyde par 1'an-
tenne,

La puissance regue par l'antenne est ainsi, pour une bande passsunte B

Pa kT,B ' 13)

slle st égale & la puissance er:'zyée au récespteur, donc
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La théorie thermodynamique des antennes montre .que, dans le cas d'uns sourcs de températu-

re de brillance T, entourant entidrement l'antenns, au de dimension supérie:re A son diagramme ds récep~
tion on a ’
Ta = Tb

Enfin, on psut relier l'unité radicastronomique d'intensité, la densité de flux S, & l'uni
té habituelle res radioélectriciens, l'amplitude E en volt par mdtre. Dana une bande de frédquence de lar~
gsur B nous aurone 1/2

E = (2o 5B)

(5)
od Zo est l'impédance du vide (377 01).

e, =y g

IT - Lee bruite cosmigyoe
I1-1  Naguze des_sguices ds bryit

! Tous les astres et les gaz diffus qui constituent l'Univers sont sources d'une émissions
radioélectrique, mais avec des intensités tras différentes. Certaina d'esntre-eux, cowne la grande majorité
des étoiles, sont trop faibles pour 8tre détectés sur Terre avec les inatruments dont nous disposons actuel-
lement. Par contre, certains autres donnent sur Terrs, un flux d'un ordra de grandeur iigal ou mAme supé-
rieur & ceux utilisés dans les différentes tschniques de radiocommunications.

l Du point de vue de lsur nuisance, on peut classer les sources de bri\.® coumiques en trois

i grandes catégories :

-~ Laa sources A distribution jquasi continue sur le ciel, qui seront reguem par les antennes quelle que soit
] leur direction de visée. Ces sources auront pour affi 't d'ajouter un bxuit cantinu A 1'entrém des récepteurs,
1 et donc de diminuer la senaibilité dea systdmes de riceptin.

= Les radiosources de petites dimensions apparentes qui ont une émission staals dans le temps. Ces sourcea
3 ne seront généralement pas trop g8nantes, sauf pcdint les sourtes périodss ol 1'une d'elle passe, par sui-
te du mouvement diurne, dans le lobe de l'antenns . Mar contre, ces radiosources pourroat 8tre tras utile
pour la détermination des caractéristiques des antanazs (Guidice et Castelli, 1970).

= Les sources variables, qui sont essentiellement 1o %cleil, la Terre et Jupiter. Ces sourcea sont axtré.
mement intenses dans certaina domaines ds fréquences| »t¢ leur émisaion psut avoir pour effet de brouiller
les radio communications tarrestres moins intenses,#f . sventusllement &tre confonduss avec elles.

11 = 2 L'émission_dy "fond du Ciel" .

C'est une émission distribuée A puu pras Wiformément sur toute la voute céleste. En réalité
elle a trois origines différentes, les émisaions covresp ,’dantes ayant des spectres différents. Le résultat
est que chacure d'elle prédomine dans une gemme d'ordes ,#terminée. Daux de ces émissions proviennent du
gaz interstellaire de notrs Galaxie, l'autre a une or'gine plus curieuse.

ey P

Le rayonnement thermique de la Galaxie
Un gaz ionisé, de température T rayonne un rayonnement analogue 3 celui du corps noir, dd au
mouvement des électrons libres dana le champ des protona (émission free-free). Cstte émission est dite ther-
mique, car l'éneryie qui sst convertie en rayonnement est empruntée 3 i'énergies d'agitation thermique des
électrona du gaz. Par conséquent, l'énergie émise sera fonction de la température du gaz. Il s'agit en ré-
alité de la queue dans le domaine radioélectrique de la loi de Plank bien connue dans les domaines visible
et infrarouge.

La température de brillance sera fonction de la température &lectronique du gaz et de son

épaisasur optique T r

Tb'Te (1 -e") (6)
Naz d
avec T r K ——————ds (X 8tant constante) (7
2 . 3/2
- f Te

rayon

Ty, sera donc toujours inférisure A T,. Autrement dit, l'émission ne sera jamais trds intense. 1

En pratique, les gaz sont plus danaes dana le plan des notre galaxie que dans les régions de
latitude galactique élevée. Il s'ensuit que 1l'émiassion ne sera pas uniformément distribuée sur la sphire
céleate, mais sera plus intense au voisinage du plan galactiqus, c'est-a-dirs, vu de la Terre, ls lo.ag de
la Voie Lactée, st particulidrement dans la direction du ventre galactigus. La figure 1 donne en exemple
la carte des isophotes de T, A& 1la fréquencs de 400.

= Le rayonnement non thermique qui wrrespond A l'émission synchrotron de la composante &lectronique des
rayons cosmiques. Cette émission est particulidrement intense sur longueur d'onde métrique et décamétrique.

L'énergie nécessaire A ce rayonnsment est fournie par les électrons relativistes du rayon-
nement cosmique, st n'sst donc pas limitée par la formule (6). lL.es iempératures de brillance correspondan-
tes peuvent donc 8tre beaucoup plus élevées, Elles atteignent 106 K sur 10 MHz,

4
]
3

L'intansité au champ magnétique galactigque, et probablument la densité des rayons cosmiques
dtant plus grandna asux hamses latitudes galactiques, les &missions seront comme pour le rayonnement ther-
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mique plue intenses au voieinage de la Vole Lactde.

La figure 2 donne le upwctre de ces émiseione, qui suit approximativement une loi de puis=
sance de la formo Ty = £ '8, La tebleau ! donne dgalement un cexrtain nombre de valsure de Ty qui psuvent
S$tre utilisdea pour calculer la sensibilité d'un wystdme de réception. 11 est évident que la température
A utiliser sera géndralement intermédiairs entrm Tpq, 8t T, [lle variera suivant la direction de viede,
c'natededire suivent 1'hasure pour une antenne fixe, et dépendra des dimeneione du lobe d'anteuns.

JABLEAU Y
EMISSION CONTINUE DE LA GALAXIE
Ty Ty
Fréquance (MHz) A Plan Galactique P8l Galactique
10 B 0om 106 2 x 1o
20 1% o ox 108 4 x10¢
50 6 y x 10 4 x 1?
100 3 1 x 104 6 x 102
200 1,50 2 x t0d v oxoted
500 60 om 2 x 102 10
' noo k0 a0 5
2 00 15 m 5
3 000 6 5 3
10 ooo 3 2 2
37 000 8 mm 3 3

54 on mxtrapole dans le domaine des microondsa le spuctre des émissions thermiques wt non
thezmiquua prdcddentss, on davrait observer une tengérature de brillance trde voisine de zére. Or, des
mawures par*iculiurement soigndea ont montréd que, dans ce domnine, le spectre remontait vers lews hautes
fréquencas.,

La pente dn ce spactre, et son intensitd correspond A vellies d'uncops noir dont la tempéd-
riture snrait o= 3,5%°K.

Cacd n'eat probnblement pas trds important pour les probldmes de cumn aications, bien qu'il
failie mn tenir compte ai 1'on veut faire des dédterminations trds précises de la tnmpArature de eyeatdme
dtun enanmble réceptaur.

Du point do vue Amstrophysiguo par contre, ce rayonoument est sxtrbisment intdrensant, Un
1intecprBta X L'haurs actuelle comme d@ A ln tempdrature rdsiduslle du gaz !atergalactique. A 1'ovigine
da 1'Univers, ce gaz aurait 4t4 trde concantrd, at A trds haute tampérature. Maie par suite de 1'wxpansion
do 1l'Univers, déuuite du pidnomdne de récession des galaxies, dopuis noviran 10 milliaxds dtanndes, la
tenmpérature aurnit décru, pouv devenir égale, actuslleoment, & J H°K,

Il =3 Lea radiompurcems

On reagroupe géndralement sous ce nom tous les objeis de patites dimencionm apparantes gui
gont source d'une dmisajon radio détectable. Cette dmisnion a toujours un wpectre trédm éiendu at, ei la
esonaibilitd dea dinmtrunents est suffisnte, on les observe depuin lnsx ondos millimétriques jumgu'aux
ondes los plus lunijues détectablen sur la Terre, ontre N0 et S0 n,

En réalitéd cam radiosvurcwa corrmepondent A dos abjets trdn diffdrante dans le ciel 1 nuagen
gazeux galactiques, restes de supernovaw, galaxies, quasars, etc ... 0 peut cependant classer leur spece-
tre w1 dsux yrandem catégorias.

n) Les spectroe therndques qui sont ceux dus radionouries ayant un rayonnwment thermigue, sssentiel-
lement certainer dtolles vt len grands nuages da gae (rdgion HII) qui parsdment le Galaxiw. Cen radiosour-
ces sont surtout intenmew sur ondes couries, ondes millimétriques et centimdtviquews Leur denmitéd de flun
nat approximativement conntants dans ce domaine, dans lagquel la nouscce ost uptiquement Anaimee. Pour les
longueurs d'unde plum grandes, la wource devisnt plun transparente, wt par suilte moine dmismive, »i la
deneitd do flux ddcrolt comme L'inveres du vrarvéd dn 1a fréyuence,

Cartainem radionources timemiquen suni, sur microondes, parmi les plus {nteness du cilel.
citone par exemple \a ndbulmuse d'0Orion, los ndbuleunea de L1n Roswtte et Omoga. Dane certaine camw, on a
pu let utilimer pour mesurer la diagramme Jdes antennea A grand gaic st dtalonner les aystdmom de cécaption,
Main mouvent lwuru dimstiions apparsntes sunt tron grandse (Plusdsurs minutes d'arc) pour ce faire.

b)) Lla mnjoritd den radiosources a cepsndant un spactre non thermiyus qui, A 1'inverss du préckdsnt,
déuralt géndralement dem hawres vera les hautes vodquencen. Cen mources Amsttent par affet Synchrotyon o
rayonnement d'Alectren: relntivicte. dans un champ magndtique.

lle nombreux objets coamiyuen fmattent un rayonneae it synchrotren, Comme celudecd vdcescite ' i
In poassnee Gldlectrona de trds grande dne e, un puut pedvolr A priord que cen ubjets asront it ttablew,




Rl O T

S e ATTRETER TS T

ou bien possdderont une région dans laquelle une activité non négligeable sera capable d'accélérer les
électrons.

En pratiques, on peut classer les radiosourcss non hermiques en trois catégories : Les res-
tes de supearnovae, les "radiogalaxies" et les quasars.

Les supernovas sont des étoiles instables qui axplosent et dmettent pendant qualques semai-
nes ou quelques mois un gaynnnament dana le visible extrémement intense : leur intensité aprds l'explosion
peut atteindre 108 a 101 foia l'intensité d'une étoile normale.

Lors de ces axplosions des élsctrons sont certainemsnt accélérés, et l'étoile éjecte une enveloppe gazeuse
qui peut encoxe 8tre obssrvée, des centaines ou des milliers d'annédes aprds l'explosion, comme de fins fi-
laments formant une anveloppe quasi circulai.e autourds l'étoile.

La radiosource ls plus intanse du ciel, Cassiopée A, est le reats d'une supernova explosée
en 1750, D'autres exsmples sont donnéess dana le tableau 2.

Les radiogalaxies sont des nébuleuses extragalactiques (galaxies) : ensembles de milliaxds
d'étoiles distribuées plus ou moins rédgulidrement (galaxims spirales, elliptiques, ou irrédgulidres). La
majorité des galaxies ont un rayonnsment radio peu intense mais certaines, les radiogalaxies sont des
émotteurs tras puissants. Il est trds probable que cette &mission €8t 1la cc séquences d'explosions répétées
dans les régions centrales de la galaxie, explosions qui provoqueraient l'accélération d'une trds grande
quantité d'électrons. La radiosourcve du Cygne qui fut la premidre a 8tre détectée esti le meillsur esxemple
de radiogalaxie. Sa structure, comme celle de la plupart des radiogalaxies, est complexe, l'émission pro-
venant de deux ou plusiesurs sources éloignées, situées de part et d'autre de la galaxie visible.

Les qugsars sont des cas particuliers des radiogalaxies qui ont entre autre, une émission
optique beaucoup plus intense que les galaxies normales. Ceci permet de las détecter dans le domaine visi-
ble & des distances beaucoup plus grandes ; d'ol l'intér8t des quasars pour l'étude de l'évolution de
1'Univers. Vu leur éloignement, les quasars sont généralemont des raciosources de trds petites dimensions
apparentes. La technique de 1'interféromdtrie intercontinentale a permi de montrer gue certains d'entre-
eux avaient des dimensions angulaires inférieures au millidme de seconde d'arc.

Les radiosources non thermiques ont en général des émissions radioc constantes dans le temps
dana le domaine des ondes décimétriques et métrvigues. Une des seules exceptions est Casaiopée A, la plus
intanse du ciel., C'eat, comme nous l'avons dit, le rests d'une supernova sxplaosée il y a moins de 250 ans.
Son enveloppe est donc encore en expansion rapide, et il s'ensuit une diminution lente de l'intenaité de
son émiusion radio, de l'ordre de 1 % par an,

tar contre, on découvert depuis quelques années qu'un grand nombre de radiosources, quasars
pour la plupart, avaient une intensité variable en ondes centimétriques. Ces variations sont généralement

irrégulidres et correspondent probablement 3 des explosions localisées dans la sourcs.

Le spectre des quatre radiosources las plus intenses est donné sur la figure 3.

JARLEAU 2

POSITIONS DE QUELQUES RADIDSCURCES

Ascension

Objet Nature droite Déclinaison

h m =8 o '

M3l . v v 6 v s o 0 o se falaxie normale 0 40 O + 40 0
S«N. Tycho-Brahé . . . .. Supernova 122 28 + 63 52
JCAT & 4+ ¢ o o o s o oo Quasar 1 33 40 + 20 42
JCA48 o o o ¢ o o o s oo Quasar 1 34 49 + 32 853
MTT ¢« ¢« ¢ ¢« ¢ o s o s o4 Galaxie Seyfert 2 40 12 - 0 13
Perssus Re NGC « « o« & s Radiogalaxis 3 16 27 + 4 21
CTA 21 o 4 ¢ o o s o o oo Quasar 3 16 22 + 16 19
Fornax NGC 1316 « « + « & Radiogalaxie 3 20 25 - 37 22
Auriga A & « & o o 4 4 e Supernova 4 57 + 46 30

Taurus A (Nébuleuse du

Crabs) « o o ¢ + s o » Supsrnova 5 31 30 + 21 58
Orion A (M 42) « ¢« + .+ &, Région H II 5 32 48 - 5 27
JCMT o o 6 o6 o v o Quasar 5 38 43 + 49 50
IC 443 & v v s 4 ¢ ¢ v os Supernova 6 14 36 + 22 43
Nébuleuse Rosatto + + o & Région H II 6 29 18 + 4 57
Puppie A o o ¢ 4 o ¢ 4 e Supsrnova g8 20 18 - 42 48
Hydre A « o o ¢ o o & o & Ratliogalaxis 9 15 43 - 11 52
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oo M B2 . v s v o o0 a0 s Radiogalaxie 9 51 28 + 69 56 ,

S IC2AMI v v vt v v v v Quasar 12 26 13 + 2 2 i :
y VISQO A o & o o s o o o o Radiogalaxie tz 28 18 +12 a0 - :
Centaurs A. NGC 5128 . .. Radiogalexie 13 22 28 - 42 46
: M 101 . L R T S S S Y Galaxie normale 14 1 24 + 54 36

. ' IC 295 ¢ o s 0 v o oo Radiogalaxis 14 9 34 +52 26 ;

¥ Hezcule A o« « o o o ¢ o o Radiogalaxie ‘6 48 43 + 5 6

F S NKepler « o« o ¢ o o oo Supernova 17 21 43 -2 28

i Sagittairma A « + ¢« ¢ « o+ | Cantre Galactiqua] 17 42 230 - 28 55

F Nébuieuse Omega « « o« o+ o Région H II 18 17 48 - 16 9

4 Cygnus A « « o « o & & oo Radiogalaxie 19 57 45 + 40 36

P Bouchs du Cygna + « « o o Supernova 20 49 30 +29 50

3 CTA 102 ¢ 0 6o v s oo Quasar 22 29 S3 + 1 208

E Cassiopée A « « & o « « & Supernava 23 21 1 + 58 33

E : Citons pour terminer une classe tout A& fait paxticulidre de radiosources, les Pulsars, bien
‘ que ceux=ci puissent difficilement constituer une gdne pnur les radiocommunications texrestre. Mais leur
présence dans le champ de visée d'une antenne pourrait intriguer certains.

En »éalité, on ns peut plus gudre parle. g'un "bruit" cosmique. Il s'agit au contraire d'une
émission trds organisée et 2 gpectre étroit qui se p-Asente comme un train d'impulsions trds brdves (quel-
ques millisscondes) parfaitement péricdique., Les périodes obaervées s'étagent entre 0,03 sec et 4 sscondes
suivant les pulsats (Tableau 3).

1 Ces impulsions dérivent rapidement en fréquences des hautes vers les basses fréquences ;
mais ceci n'est pas dO a il'émigsion du pulsar lui-m8Bme. C'est un effet de la propagation des ondes dans le
gaz ionisé interstellaire. Ce gaz n'wst pas un vide parfait, et il a donc un indice de réfraction différent
de 1'unité et, qui plus est, qui dépend de la fréguence. Une impulsion, émise simultanément sur toutes les
fréquences par ls pulsar mettra plus de temps & nous parvenir sur basses fréquences que sur haute fréquen-
cea. C'est l'origine de la dérive en fréquen:ce des émissions des pulsars. Cette dérive dépend de la quanti-
té totale de gaz traversé :

erre
Ne ds

at sa mesure permet de déterminer la densitépgﬁsagz interstellaire.

T

Le spectre des pulsars décroit vers les hautes fréquences et leur détection est le plus faci-
le dana la gamme des ondes métriques. Le tableau 3 donne la position et la période des pulsars les plus ine
tenses.

TABLEAU 3

PERIDDE ET POSITION DE QUELQULES PULSARS

Pulsar « 8 Période
(1950,0) (t950,0) (seconde)
m _h 8 ° '
CP 0328 ¢ ¢ o« & o 328 52 + 54 23 0,714 518 563
CP 0527 « ¢ & & o 5 25 45 +2 0O 3,745 39t
CP D532 4 o o o« oo 5 31 26 + 22 1 0,033 091 12
CPOBDB ¢ « o« o oo 8 8 50 + 74 42 1,292 241 26
CPOBAd & o « & & B 34 22 + 6 17 1,273 764 2
CPO9S0 s « o o o» 9 50 29 + B N 0,253 065 038
CP 1133 ¢ ¢« o o o 11 33 36 +16 8 1,187 911 019
HP 1508 + ¢« o o oo 1 T 50 + 55 M4 0,739 677 626
CP 1919 “ e s s e 19 19 kX + 21 47 ‘,337 301 133 N
PSR 2045 . . « o 20 45 4@ - 16 28 1,961 663 3

II -4 La lyng ot _los_plapdies

La lune et les plandtes, corps solides chauffés par ls rayonnement du soleil, émettent un
rayonnement radio qui est fonction de leur température superficiells. Cette émission mat surtout intense sn
microondes ol la plandte Jupiter et la lune sont parmi les astres les plus brillants du ciel,

En ondes décimétriques - . centimétriques la lune a une tampérature de brillance uniforme de
250°K , tandis qus sur ondes millimétriques apparaissent dms différences de température sntre lss mers lu-
naires st le reste de la surface. Il faut sn tenir compte quand on utilise la lune pour #talonner les an-
tennes A grand gain dans cette gamme de longusurs d'onds.
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La densité de flux des plandtes dépendra dvidemment de leur tempsrature superficiells, qui
est fonction de lmur distance au soleil, et de leur diamdtre apparent, gui est variable su cours de l'an-
nés. Le tableau 4 donnes les températures de brillance mesurées.

TADLEAU 4

TEMPERATURE DE BRILLANCE DES PLANETES

e

g Plandte A (em) Ty (°K) T infrarouge
|
3
) Mercure « « + o« o 1 - 10 145 - 280 150 - 375
Vénus « + ¢ o & 0,33 290
| 0,4 360 370 face éclai~
P 0,8 400 rée.
p 3,2 580 250 face obs-
i 10,0 600 cure.
] 21,0 600
] MaTS o o o o o as 211 215
: Jupiter « . ¢ . o 0,34 145 140
o,8 140
3,2 180
10,0 700
22,0 3 000
31,0 5 s00
68,0 50 000
Saturne « « . . 160 92
Uranus « « + « oo 180 68
i Neptune « + « « o 1,9 125 55

3 Jupiter est une plandte particuliirement intéressante en radiocastrcnomie. En plus de l'émis-
s sion thermique mfcédente, elle rayonne par deux mécanismes non thermigues :

En ondes décimétriques, un rayonnement synchrotron par des électrans relativistes piégés dans
le champ wagnétique de la planéte pour former des "zonms de Van Allen" analogues A celles qui existent au-
tour de la Terra. Ce rayonnement correspond & une densité de flux sensiblement constante des ondes centi-
métriques aux ondes métriques, égal & 4 10-26 W, m~2 yz= (rapportée & une distance de 4,04 unités astro-
nomiques). Ceci n'est certainement pas suffisant pour g@ner les communications tez.sstres.

3 Par contre sur ondes décamétriques, plus précisément sur les fréquences inférieures & 40 MHz,
Jupiter est sourge d'une émission extr8mement puissante, pouvant surpasaser celle du soleil et atteindre

10°18 w, m=2 Hz=', Elle peut slors Btre détectées avec un simple dip8le. Il s'agit d'une émission tras
irrégulidre dont l'origine eat encore mal wmprise. Elle se présente aous forme d'orages formés de sursauts
trds brefe (de yuelquee millisecondsa 3 plusieurs secondes) de structurs trads complexe, et pouvant durer
quelques dizaines de minutes 3 plusieurs heures.

Cette émission provient de trois sources localisées sur la surface de la plandte. Les émis-
sions seront donc récurrentes, avec la période de rotation de la plandte qui est de 9h55m295. Mais ces
sources ne sont pas actives en permanence. Il faut en plus que l'un des satellites de la planadte, Io, soit
dans une position favorabls de son orbite pour qu'une émission soit observée. Dn peut ainsi, en cambinant
1= mouvement de la plandte et celui de Io prévoir dans une certaines mesurc lmss émissio.i8 décamétriques de
Jupiter.

La figure 4 donne un exemple d'orage Jovian observé sur deux fréquences différentes.

Signalons pour 8tre complet qu'un rayonnament semblable A celui de Jupiter a été trds récem- ;
ment découvert sn provenance de la Terre.

Ce rayonnement, également sous forme d'orages, est particulidrement intense au deasus des
zones dea auroree polaires. Mais il n'exiate que sur trds basses fréquences, inférisures & quelques méga-
hertz, 11 s'ensuit qu'il ne peut 8tre détectéd au niveau du sol, & cause du blindage d@ 2 1'ionosphare.
Par contre il constitue une source extr8memsnt intense pour les satellites artificiels et lea sondes spa-
tiales qui ont des récepteurs dans cetts gamme de fréquences.

II -5 Le Splmil

Commes dans ls domg‘ne visible, ls solmil sat la radiosource la plus intense du ciel. C'est
une source complexe, qui émet plusieurs types de rayonnamsnt de caractéristiques trds différentsa. Certains .
sont atsbles dans le temps ou trds lentement variables. D'autres, qui peuvent atteindre dee intensitée H
bien plue conmsidérables, sont sporadiques, et correspondent A des phénomdnes d'activité par dre sur le i

.
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goleil. Ils durent d'une fraction de seconde & plusieurs heuras, suivant les cas, el ont généralement des
spsctres trads complexes, souvent d bande étroite.

e ¢ PR

Ces émissions sporadiques sont désignées sous le nom de gyrsguts solgjres. Ce sont les sur-
sautas qui dans certains cas psuvent perturber les instruments terrertres. Les intensités correspondantea
aont données sur la figure 5. ._7

L'atmosphdre solaire est formée d'un gaz ionisé (plasma} st possdde donc la propriété de ne
pouvoir propager toutes les ondes radio. Seules psuvent se propager les ondes de fréquences supézieures &
la "fréquence critique" du plssma au point considére, fréquence qui ne dépend que de la densité Slectroni-
que : —

fa 9 VN (Syatame MK3)

La densité électronique Ng décroissant avec l'altitude dens l'atmosptdre solaire, A chaque
fréguence correspondra unes altitude (altitude critique) au dessnus de laquelle l'onde ne pourra se propager.
Autrement dit, cette onde ne pourra paxrvenir 3 la Terre que 5i slls est émise 3 une altitude supérieure &
ltaltitude critique, qui sera d'autant plus élevée que la fréquence de l'onde sera plus besss.

T R T WASIPE T T T e T e

Pour les ondes millimétriques et centimétriques les altitudes critiques sont de l'ordre de
1.000 & 20.000 km (c'est-ad-dire dans la photosphdre et la chromosphdre}, pour les ondes décimétriques dans
la basse couronne ; ensuite l'altitude devient de plus en plus élevée quand la fréquance décroit, attei-
gnant par exemple 1,5 millions de kilomdtres (2 Rayons solaires) sur 25 MHz. Les ondes encore plus longues,
qui ne peuvent d'ailleurs pas atteindre la surface de la Terre par suite du blindage dG 2 l'ionosphdre, sont
émises dans le milieu interplanétaire. Par exemple prés de l'orbite terrestre, la densité électronique est
d'environ 10 el/cma, soit une fréquence rritique de 30 KHz.

T WO T T

II =5 -1 Emission thermique du "soleil calme"

L'atmosphdre solaire est un gaz chaud et va donc émettre un rayonnement thermique dont 1'in-
3 tensité eat fonction de sa température d'une part, st de son &paisseur optique d'sutre part, cette dernidre
) étant elle-m8me fosction de la température et de la densité électronique.

Pour les ondes inférisures 3 1 m environ, on peut considérer que l'épaisseur optique est
élevée. La température de brillance croft donc de 6 000°K aux ondes millimétriques (température de la cou-
ronne)., Simultanément le diamdtyre apparsnt du scleil augmente, puisque les régions émissives sont 2 des al-
titudes croissantes.

Pour les ondes plus longues, la couronne devient transparente et la température de brillance
ainei que l'intensité émise décroft. En dessous de 80 MHz, il faut utiliser des antennss de tras grand gain
pour détecter 1'émission du soleil calme.

Le tableau 5 donne les valeurs des densités de flux du soleil calme pour diverses longusurs
d'onde.

II =5 -2 Composante lentement variable

Sur ondes centimétriques et décimétriques il s'ajoute d l'émission précédente celles de ré-
gions localisées dans la couronne ol la densité et la température sont plus Aevées qu'en moyenne. Ces
Ycandenasations coronales" sont généralement situdes au dessus des centres d'activité visibles (taches so-
laires, facules, etc ...) et ont une durée de vie de quelques mois.

Par suite de la rotation du soleil sur lui-m8me en 27 jours, ce rayonnsment formera une com-
posante lentement variable du rayonnement solaire, dans laquelles on retrouve une quasi période de 27 jours.
A l'aide d'un instrument dont le pouvoir séparateur est ds quelques minutes d'arc au plus, il est facile de
localiser ces émissions 3 la surface du soleil.

L'intensité de la composante lentement variable dépend de la fréguence. Elle peut atteindre
2 &4 3 fois celle du soleil calme (Tableau 5).

TABLEAU 5

INTENSITE DE L'EMISSION RADID DU SOLEIL

{Soleil calme + condensations)

X Ty s x 10%2 .
: f . - :
f (em) (MHz) (°K) (W, m™%, Yz~ ) k

Maximum Minimum. Me x i:num Minimum é
; 0,33 91 DOO 6,4 x 103 1100 ‘
; 0,4 75 00D 7,5 x 103 88c
; 0,8 37 500 8,0 x 103 235 ;
| 3 10 00D 17,5 x 103 15 x 103 32 27 ;
i 10 3 000 80 x 103 ag x 10d 13 6,5 ‘
f
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(Tableau 5 - suite)

25 1 200 2 x 103 1 x 105 7

3,5
50 600 6 x 108 3 x 109 5 2,5
- 15 400 8 x '03 2,7
150 200 1 x 106 o, 83
ioo 100 1,5 x 10° g,3
1 000 30 2 x 106 0,035

II ~ 5 « 3 Les sursauts solaires

Plusieurs types d'émiasiors accompagnent généralement les phénomdnes sporadiques visibles 2
la surface du soleil, en particulier les éruptions chromosphériquaa. Ce sont lea émissions les plus inten-
ses qui parviennent 3 la Terrsa.

Suivant leur spectre dynamigque (leur spectre et ses vari-+ions dans le temps) on en a dis-
tingué plusieurs types différents, dont les plus fréquents sont les su.sauts de type I, I1, III et IV.

- Type I ¢ Ce sont des émissions tr2s brdves (quelques dixidmes de saconde) et de faible largsur de bande
(quelques megahertz) qui se suyoerpasent 2 une é&miseion cuntinue pour former les "Orages de bruit". Ces orages
peuvent Btre trds intenses; st sont les émissions les plus fréquemment observées sur le soleil. Ils accom=
pagnent le passage des centrgs actifs visibles les plus importants, et psuvent durer plusieurs jours de
suite. .

« Type II : Ce sont des émissions relativement rares observées au début des grandes éruptions chromosphé-
riques. Ils sont connus également Bous le nom de sursauts 2 dérive lente, 1l'émission apparesissant d'abord
sur les fréquences élevées,\et dérivant lentement vers les fréquences plus basses, Leur durée est de l'ordre
dtune dizaine de minutes.

~ Type IIl : Ce sont des sureauts trds brafs (inférieurs 3 1 s) qui dérivent également des hautes vers les
basses fréquences mais beaucoup plus rapidement : 10 3 20 MHz/s. Les types III sont des &missions trds fré-
quentes, apparaissant soit au moment des éruptions chromosphériques,soit, en ondes décamétriques seulements
sous forme d'orages pouvant durer plusieurs jours.

Les sursauts de type Il et I(I sont dus & des oscillations du plasma coronal, excitées par
une perturbation qui monte dans la courcnne, pouxr les premiers une onde de choc, pour les seconds, un jet
de particules. Ils sont surtout intenses en ondes métriques et décamétriques, mais il faut noter que les
types III sont également observés a des fréquences beaucoup plus basses. A l'aide de satellites artificiels
on a pu en détecter jusqu'a 30 KHz. Ils correspondent sur cette fréquence 3 l'arrivée du jet d'dlectrans au
voisinage de 1l'orbite terrestre.,

Les sursauts de type IV s'observent par contre dans une gamme beaucoup plus large, & partir
des ondes millimétriques. Ce sont les &missiona solaires les plus intenses, mais no sont observées qu'au
moment des éruptions les plus importantes. Quand le soleil est trds actif on peut en recevoir une moyenne
de un par jour.

Le sursaut de type IV est une émission complexe qui correspond certainement 3 plusieurs méca-
nismes d'émission : effet synchrotron d'électrons relativistes, oscillations du plasma et effet Cerenkov.
La source de l'émission est soit fixe dans le basse couronne, soit &jectée par 1'éruption : on peut alors la
suivre jusqu'a plusisurs millions de kilomdtres de la surface solaire.

I1 -5 -4 Prévision de ltactivité solaire

Un problame important qui se pose & propos du rayonnement solaire est celui de sa prévision,
non seulement parceque celui ci peut 8tre directement nuisible pour les communications terrestres, mais sur-
tout parce qu'il accompagne d'autres émissions solaires, en particulier rayons X, ultraviolets st particules
qui vont venir perturber l'ionosphare terrestre et par suite la propagation des ondes radio utilisées pour
les communications.

{ Depuis quelques annéss, la prévision de l'activité solaire a fait de grands progrds. Il existe
dans le monde plusieurs centres de prévisions qui utilisent les observations optiques, rayons X, radio, etc ...
faites & partir du sol ou de satellites artificiels pour prévoir l'apparition des &ruptions importantes. Mais
il ne s'agit 13 que de donner une probabilité pour ces Aruptions. L'origine m8me de 1l'activité solaire n'é-
tant pas encore comprise, il n'est pas possible pour l'instant de prévoir avec précision l'heure et la posi-
tion sur ls soleil de cette activité.

CA

2 I11 - Conclusign

En résumé, on peut dicre que les bruits cosmiques peuvent constituer une ruisance pour les
communications terrestres, mais que celle-ci dépend beaucoup de la sensibilité dms inatruments, et du type
de signel transmis.

Sur ondes longues, c'eat d'abord le fond galactique qui limitera la sensibilité des systdmes :
de réception, en ajoutant sur l'antenne un niveau de bruit continu et 2 trads large bande, ginéralement au-
périeur au bruit dee récepteurs eux-m8mms. En particulier, le probldme das récepteurs 2 trads faible bruit
masers, paramétriques, etc ... ne se pose pas dans cette gamme d'onde.
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Sur ondes longues Sgalement, le soleil et parfois jupiter peuvent 8ire souirce d'édmissions

sporadiques extr8mament intenses qui psuvent brouiller certainea liaisons radio pendant gquelques minutes
& quelques heures.

e ki

Sur ondes courtes, centimétriques et millinétriquua, il est peu probable que lebruits cosmi-
ques puissent géner beaucoup les radiocommunicatior: terreatres bien qu'il #hille parfois en tenir compte
pour la détermination de la sensibilité des syatdm: . de réception.

T T T

Par contre, dans lea deux gammes de fréquence, les radiosourcee seront particulidrsment
utiles pour la détermination dea diagrammes de rayonnament et l'étalonnage des antennss & trds grand gain.

e

Bibliographie

Boischot, A. 1973, Annuaire du Bureau des Longitudee, ch. 8, La Radioastronomis, p. 535.
Boischot, A. 1972, La radioastronomie dea plandtes. Industries Atomiques et Spatiales,
n® 5, Pe 65.
Howard, W.E., Maran, S.P. 1965, General Catalogues of Diacrete Radiosources, Aatrophys. I.
Suppl., vol 10, p. 1.
Kraus, J.D. 1966, Radio Astronomy, Mc Graw Hill Book Co. New=York.
Kundu, M.P. 1965, Solar Radio Aatronomy, Interscience Publishers (New-York, London).
Proceedings f the I.E.E.E., Special issue on Radio Astranomy. Septembre 1973,

Y

s N (L iP5 e Ptk SHern sl it B o b A cx' i i
\.A VI ANEPTIVUUIPPR §7 SHOT SR YO UL Wep YL SR IRUVER DR S SR TR e




{!“ —
1 "
o 1 18
. _/ﬂ 10
\0 0 o
W //
e //// 16"
4
CR 10
328
10
18 10
\ “ )
¢ \Y "
2 s
? [~ 14
Q b '
f) \ A 18
iﬁ\ 2N
) .,
47\ ) 22 8 Q.Oh
50
- -....-/\ Q[L
\l ™~
& "‘ == o

2z dans les régions de déclinaisons supérieures a 35°.

Figure 1 : Carte du bruit galactique sur 4;;\4
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Spectre de la Températuve de brillance du fond du ciel. Tp,, ¢ le long du plan galactique.
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DISCUSSION

E. J. FREMOUW: 1) What is the mechanism by which the Jovian decametric radio bursts

vary in fregquency? 2) On what antenna was the observation of the moving wolar-flare
plasma made?

M. A. BOISCHOT: 1) The burst mechanism is not well known. It is believed to involve
electrons moving along magnetic field lines, producing a plasma instability. 2) An
18-MHz ring array in Australia.

P. HALLEY: The satellite "IO" (Jupiter's natural moon Iovienne) seems to cause electro-
magnetic emissions from Jupiter. Cculd this celestial body, for example, have ferro-
magnetic characteristics which would explain its action (this phenomenon)?

M. A. BOISCHOT: This is very probable. IO has an ionosphere (discovered by Pioneer 10),
and is therefore partly conducting. One thinks that, by cutting Jupiter's magnetic
lines of force, it frees a part of the electrons which are trapped there. These elec-
trons will fall into the Iovian ionosphere and will create plasma instabilities, which
are sources of radio emissions.

P. HALLEY: You have mentioned radioelectrical emissions . oam the earth, connected to
the aurora and observed by satellites, Professor Harang of Norway observed from ground
stations radio emissions of the aurora. Do you know whether these two emissions are
connected and whether they concern the same auroral phenomencn?

M. A. BOISCHOT: The two phenomena are certainly connected. Earth emissions in the
kilometer-wave range are perfectly correlated with the presence of great auroral arcs,
but the kilometer waves are observed above the ioncsphere while the waves observed by
Harang originate in the auroral arcs themselves. The sources are therefore probably
different.

J. ARRONS: Solar noise lasting for many minutes to hours can affect systems and appear
as jamming. Briefing of personnel on solar-burst characteristics is therefore of
importance.

I would like to point out that solar emission (the slowly varying component) is
measured from 245MHz to 35 GHz routinely by the USAF and is reported through NOAA,
These values allow solar noise to be used positively, i.e., to be used to calibrate
antenna and receiving systems routinely by measurements of 5-10% accuracy.

M. A. BOISCHOT: This is true,.
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LAND, SEA AND ATMOSPHERIC THE NOISE

P. G. Davies - /
SCIENCE RESEARCH COUNCIL

Appleton Laboratory
Ditton Park
Slough Berks. SL3 9JX England
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This paper reviews thermal em!ssion from ﬁhe natural environment within the microwave, far infra-
red and medium infra-red bands of the ‘E-M spectni down to a wavelength of about 34 where reflection of
solar ra._ation begins to predominate. In recent years much information has been acquired in this portion
of the spectrum as a result of remote-sensing programmes using sircraft and satellite platforms and ground-
based radiometers. In this review, the emphasis is primarily on the fundamental aspects of the emissive
properties of the atmosphere and various surfaces and the relationship of this thermal emission to the
thermal, absorptive and scattaring properties of the atmosphere in slant path propagation. A nomogram
technique for determining the noise signal at a point in the atmosphere is considered and a bibliography
of recent work on thermal emission is included.

1. INTRODUCTION

‘thermal emission and radiation reflected at the Earth's surface over the frequency range 109 to
1014 Hs (1 GHxz o 100 THz) corresponding to the wavelength range 30 e¢m to 3 micron (u) are considered in
this paper. Figure 1 gives the relationships between frequency and the various wavelength scales used.
Apart from military applications, this portion of the E-M spectrum has been the subject of much attention
recently as & result of the passive and active remote sensing programmes of the U.S.A., U.S5.S.R. and ESRO
involving theoretical studies, reviews and experimental measurements with ground-based and airborne radio-
meters and from satellites (e.g. Explorer VI1 and the TIROS, ESSA, NIMBUS and COSMOS series). Most of the
satellites have carried infra-red equipment for studies of the weather and atmosphere, and some of the
later NIMBUS satellites have microwave radiometers notably at frequencies of about 19, 22, 31, 37 and
53-58 GHs. The Earth Resource Technology Satellite ERTS1 is concerned only with measurements in the
visible and near infra-red bands.

In this short contribution, it will be possible to give only a very general review., However much
additional information can be obtained from the bibliographies given by Shifrin (1969); Kondrat'yev et al.
(1971); Adey (1972); Derr (1972) and other papers from the Conference of reference 13.

The magnitude of the thermally-emitted noise or interference signal received by a downward-pointing
airborne aerial depends particularly upon the frequency, altitude, nadir angle, prevailing atmospheric
conditions and upon the nature and temperature of the underlying terrain. This review considers these
aspects with reference to the atmosphere and terrain separately and also in & combined situation.

2. GENERAL PRINCIPLES
2.1. Black-Body Radiation Laws and Definition of Radiometric Quantities

The starting point for anydiscussion on land, sea and atmospheric thermal emission must inevitably
be a reference to Planck's equation for black-body radiation, either in its full form or as a derivative.
A confused situation in the scientific literature exists concerning the application of Planck's equation
to radiometric probing, and is further complicated by the fact that there is no internationally agreed
system of radiometric units.

In this paper the definition of radiometric quantities, but not the symbols used to denote them,
confirms with those given by Bell (1959); except that radiance refers to unit projected area of the source,
i.e. unic area normal to the direction of the emission. This definition of radiance gives a useful measure
of the radiant emission from rough surfaces and from the atmosphere. Also, for surfaces obeying Lambert's
law, which states that the emission in a direction at an angle § to the normal of an emitting surface
element is proportional to cos 6§, the radiance is constant, independent of direction. The unit of length
used here for quantities other than wavelength is the metre (m) rather than the centimetre. An additional
quantity not defined by Bell is brightness. The brightness of a source or surface element observed from
some remote place is the power (flux) received per unit projected area at the receiver per unit solid angle
subtended by the source. Hence the brightness B and the radiance N of a source are numerically equal and
BA' “4\ where the suffix A indicates that the quantities refer to unit wavelength interval.

The basic equations for black-body radiation are summarised below.

8rch
U, = e (Plnnck' s equnt:ion) (1)
P Y PY
Udr=-Udy , dvem- cdr/a? (2)
A v ’
= 3
BA cu}‘/h (3)

For surfaces which obey Lambert's law the spectral emittance E; into a hemisphere can also be
expressed as a function of the spectral radiance NA' Thus
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In the above, c is the velocity of light
h is Planck's constant (6.624 x 10-34 oule.sec)
k is Boltsmann'sa constant (1.38 x 10‘2 Joule.°K'1)
A is the wavelength, expressed here in micron (y)
v is the frequency in Hs
T is the temperature in °K, and other terms are as defined in Table 1.

For long wavelengths, the Rayleigh-Jeans approximation AT >>hc applies and hence

2
hcAkT he 1 / he . _he
(Q - 1)=1+X——kt+ 71 (A_k'l'> + evtessessrstavene - l_m (5)
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Tabls 1 summarises some of the forms of Planck's law and associated constants useful in thermal
emission work, and Figure 1 gives plots of the spectral distribution B, for various temperatures. The
total emittance or emissive power E is given by

A 3.2

o 5, 44
E=1rN=/ B an = 208 L o oqt (6)
° 15h7c

where o, the Stefan-Boltzmann constant has the value 5.668 x 108 watt.m"2.9k"%. It will be noted that at
300°K, most of He emisgion ocm{rs at wave{engths ~ 10p where Ey = 31 watts.a “.u™%,
Ep ~ 1.05 x 1071} watts.m %, Hs"! at 3 x 1013Hz and E = 460 watts.m™2,

2.2. Application of Planck's law to Non-Black Bodies

F

k

E

E

;

b

E Electromagnetic radiation incident upon a black-boiy is completely absorbed, and the body radiates
according to Planck's law. For non-black-bodies the radiation incident on a surface may be either

] reflected at the surface or transmitted through the surface. The transmitted component may be completely

E absorbed or some radiation may pass through the material and escape. For a thick or highly absorbing

‘ medium with no transmitted component, the sum of the reflectance p and the absorptance a is unity, where

X p and a are the ratios of the radiant energy reflected or absorbed to that incident on the body. Also,
the emissivity ¢ defined as the ratio of the rate of radiant energy emission from a body to that from a
black-body at the same temperature, will be less than unity.

i

Kirchhoff's law states that if a body has reached an equilibrium temperature, it i{s emitting the
same amount of radiant power as it absorbs and emissivity equals absorptance. lence

p+a=1 , a=e¢ , e=1a-p 7

For most surfaces the monochromatic or spectral emissivity is a function of wavelength and to a lesser
extent of the temperature of the body.

A surface for which the monochromatic emissivity is less than unity and does not vary rapidly with
wavelength is called grey-body. The spectral distribution of energy will be very similar to that for a
black-body.

The emission characteristics of non-black-bodies can be described using the concept of brightness
temperature, defined as the temperature a black-body would have to give the same spectral brightness at
the same frequency. For long wavelengths, when the Rayleigh-lJeans approximation is valid, there is a
1 linear relationship between the radiant power emitted from a surface and its temperature. The emissivity
is then given by

_ 2m ck Tbr /21 ck T N Tbr (8)
» €= 4 - I = T
/

A A
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where Ty, is the brightness temperature. Equation (8) is particularly useful at microwave wavelengths and
forms the basis of passive remote probing in this band.

2.3, Smooth and Rough Surfaces : Polarisation Effects

Apart from a wavelength and temperature dependence, the spectral emissivity will, in general, also
depend upon the observation angle, surface roughness and composition (e.g. water content), and upon the
polarisation of the emission being monitored. For a smooth dielectric surface the reflection coefficicnts
py and pp for the electric vector in the plane of incidence and perpendicular to the plane of incidence
respectively are given by the well-known Fresnel formulae (e.g. Stratton 1941). These show that py =pp
for normal incidence, but p, experiences a minimum at the Brewster angle. Hence by equation (7)), the
emissivity for the vertically polarised electric vector has a maximum at the Brewstexr angle. The differ-
ence between the brightness temperature at this angle for these two orthogonal polarisations can amount to
100 °K and greater. However, this difference is considerably reduced for emission from cough surfaces
(Hagfors and Moriello 1963).
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For very rough surfaces the brightness temperature is virtually constant, independent of
observation angle, but surfaces of limited roughness will appear to become increasingly smooth as the nadir
angle is increased. M such cases the brightness temperature decresases with increasing nadir angle.
3. ATHOSPHERIC ABSORPTION AND EMISSION (NOISE) '3,,

3.1. The Cleer Atmosphere

An extensive bibliography and general review o the transmission in the atmosphare has been given
by Thompson (1971). The main features of the transmission_and lbuorpﬁon chavacteristics of the entire
clear ats.osphere at senith in the waveband 30 cm to I (10”7 to 3 x 310" Hs) is shown in Figure 2. The
wolecutes primarily responsible for the atmospheric absoxption in the nicrowave region are H0 vapour and
03, and in the infra-red region, the absorption is chiefly due to Hy0 vapour, CO2 and stratospheric O3
(vhich gives a strong absorption at about 9.6u ), although the minor constituents such as OO0, CH4, N20 and
HDO (Howard et al - see Valley 1965) also have absorption bands in the infra-red. Several thoussnd
individual lines occur, but at low resolution are often merged into bands. Absorption takes place with
molecules possessing a magnetic dipole moment (e.g. O2) or an electric dipole moment (e.g. HC!. The
electromagnetic field then excites molecular resonances between the fine structure rotational (microwave)
and the vibrational (infra-red) energy states. 1In the infra-red region additional attenuation in the
‘clear' atmosphere will occur through scattering by aerosols such as smoke, fog and haze particles
(valley 1965).

Studies of transmission measuraments in the clear atmosphere ir the far infra-red and in the
frequency range 1 to 1000 GHs (Lukes - see Thompson 1971) jiuve shown that many regions of strong absorption
separated by window regions occur. However, in the far infra-red the attenuztion betwsen the various
absorption lines of water vapour depends strongly upon the water vapour content i.e. depends upon the
location and altitude of the ground site and upon the temperature and season (Gaitskell et al. 1969). 1In
general, the attenuation at wavelengths shorter than 860y exceeds 10 dB at zenith, and, for any consider-
able path length, the atmosphere can be considered to radiate as a black-body. In the microwave region,
an absorption band at 60 GHe, studied in detail by Liebe and Welch (1973), and an absorption line at
119 GHz are due to oxygen, while other absorption lines at 22.2, 183.3 and 323 GHs are due to water vapour.
In the lower atmosphere, pressure and doppler broadening extends the lines into absorption bands. Since
the wings of these water vapour bands cross window regions and since water vapour Is subject to diurnal,
seagsonal and temperal changes, the window regions are not precisely defined, particularly the one centred
at 95 GHz which has been studied in some detail (Thompson 1971, Gibbins et al. 1973). It is also
speculated that water complexes, e.g. dimers, can increase the attenuation in the windows over and above
that due to water vapour in its monomeric form.

The principal regions of traunsparency of the atmosphere, called windows, in the medium and far
infra-red are approximately in the ranges 3.0 to 4.2u, 8 to 12u and with less transparent regions about
4.6 to 4,9y and 18y, For large altitudes or long path lengths at frequencies outside these windows
wher : the transrission through the atmosphere is small and ground emission is cut off, the atmosphere
will radiate as a black-body with a temperature equal to its effective kinetic temperature, which can be
considerably lower than 300 K (Jamieson et al. 1963). For lower altitudes and shortexr paths, as the
atmospheric transparency increases, the contribution from the ground can become increasingly important,
and for surfaces with an emissivity ~ 1, the overall resulting emission wili depend upon ground temperature.

Few measured data are available for infra-red transmission along slant paths from various altitudes
and estimates are therefore normally obtained from theoretical considerations. However, the procedure is
complex (Jamicson et al. 1953, Plass and Yates - sece Wolfe 1965) since the half-width of the various
spectral lines contributing to the absorption vary with pressure and both the half-width and intensity vary
with Cemperature. Alsc, the concentration of the absorbing gas will usually not be coustant along the
slant path. In the microwave region of the spectrum, the characteristics of the clear nmosghere at zenith
and along slant paths, where a secant law is applicable for senith angles less than about 85°, are fairly
well-knowi:. (CCIR ref. 31).

Within most spectral windows, emission from the ground will dominate the noise signal existing at
all altitudes at nadir but for long paths at lcw angles of elevation the noise emission from the
atmosphere can predominate. Most ¢f the measurements und calculations associated with the weather
satellite and earth resource survey programmes have been made at frequencies within the atmospher:c windows.

3.2, Effect of Hydrometeors within the Atmospheric Windows

Hydrometeors in the form of rain, cloud, fog, etc. attenuate electromagnetic radiation either
directly as absorption or indirectly as scattering, and, in accordance with Kirchhoff's law, will re-
radiate depending upon the magnitude of the absorptance (emissivity) and the effective temperature of the
atmosphere down to ground level. In the presence of intervening hydrometeors, emission from the ground
will become increasingly maskecd as the cloud/rain absorption increases and be replaced by radiation
characteristic of the absorption and temperature of the cloud/rain. The effect will be most severe within
the window region of the spectrum, but may ba of some consequence outside the windows for low flying air-
craft.

In the infra-red region at wavelengths of 5u and greater,clouds can be strongly abtsorbing and
although some scattering occurs it can generally be neglected. Rayleigh scattering by cloud and the clear
atmosphere is far more important in the nesar infra-red and visible portions cf che spectrum and
considerably complicates any analysis of path transmission. An aircraft ilying just above an opaque cloud
would monitor radiation in the medium and far infra-red windows corresponding to the cloud temperature
which could be several tens of degrees lower than that of the underlying ground emission.

The most transparent portion of the spectrum in the range considered here cxtends from 1 to about
20 GHe. It is sometimes referred to as an all-weather spectral region and has received much attention in
recent years for use in studies on microwave passive remot= sensing of the environment and Earth-satellite
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communication systems. However, it is not in fact unaffected by changing meteorological conditions since
heavy rain can cause considerable attenuation at frequencies sbove 10 GHz, but it is very much less affected
by cloud than in the infra-red regions. Naturally occurring radiation within the band 1 to 10 GHz has beeun
discussed by Croom (1964) and is the region least affected by the weather.

The other window reglons of the clear atmosphere in the micro-wave spectrum are approximately 20
to 48 GHz (zenith attenuation < 1 dB), 67 to 108 GHz (zenith attenmnation > 1 dB, < 5 dB) and 200 to 300 GHz
(zenith attenuation > 5 dB, < 10 dB). The spectrum up to 140 GHz has been studied extensively (Thompson
1971) whereas only a few measurements such as those of Ulaby and Straiton (1969) have been made in the 200
to 300 GHz window. Within the frequency bands given above, cloud and rain, particularly heavy rain,
produce significant absorption and thermal noise. Attenuation by rain increases with rainfall rate and
frequency for frequencies less than 100 GHz (CCIR ref. 31). Scattering of electromagnetic radiation by
rain drops as described by Mie (see Medhurst 1965) also occurs and becomes increasingly important at
frequencies above 20 GHz as the wavelength decreases towards the size of the rain drops, and will therefor.
depend on the drop size distribution. The effect of scattering is to incrense the value of attenuation
obtained by direct measurement along a path, without producing a covTrzsponding increase in thermal noise

(zavody 1974).

In the last few years measurements of atmospheric attenuation of cloud and rain along slant paths
at frequencies above 10 GHz hav~ been carried out at various locations throughout the world to provide
statistics for the planning and operation of Earth-space communicatfion links. Direct measurement of the
transmission from the satellite ATS-5 (Ippolito 1972) and radiometer mea&surements of the thermal noise
from the sun or atmosphere have been made. 1f the atmosphere has fractional absorption or absorptance a
and effective kinetic temperature Tpp along a Sun~Earth path of the radiometer measurement, the brightlness
temperature of the atmosphere along the path is STAT and the brightness temperature (antenna temperature)

Tgyy for the received signal is

(1~ a)T, + T 9

T SKY

SUN

where TSKY = aT,, (10)

and T, is the effective brightness temperature of the sun for the particular antenna used and for zero
atmospheric attenuation.

Tggy 18 obtained by pointing the radiometer along a path adjacent to the sun. The brightness
tenperature corresponding to the attenuated solar signal is Tgyy-Tggy ond must be compared with Tp to
derive a value for the attenuation in dB. It is well known that for an antenna temperature T and within
the frequency passband Av, the corresponding noisc power P available is given by P = kTAv, Hence

T
Attenvation (dB) = 10 10810 ?T'TEET?' = 10 10310{:_%_;} (11)
E

Equations i0) and (11) give the relationship between attenuation and brightness temperature in the micro-
wave region and is illustrated in Figure 3 for vaiious values of TAT'

In practice, Tg cannot be measured from the ground and the values of attenuation are often ~ompuced
with respect to the signal which would be received by the radiometcr on o clear day, 1If values for the cotal
attenuation are required, the contribution from the clear atmosphere must bhe added ou. 1If tne fractionel
absorptions of the clear atmosphere and of the cloud/rain at the same temperature are 2y and &,, then the

total effective absorptance is aj + a» - ajaj.

Results from measurements in the U.%. within band 12 to 37 GHz, together with references ard »
comparison with similar deta ontained in other parts of the world have been described by Davies (1972).
Other measurements at 110 GHz have been described by Gibbins et al. (1973). Typical values of the
atmospheric brightness temperatures derived from these measurements for an effective kinetic temperature
of 2739K are shown as a function of location and percentage of time in Table 2. The effect of scattering
on the sun-tracking measurements has been neglected in computing these values which should therefore be
higher than the actual emission temperatures. Although the measured data refer to paths thiough the total
atmosphere, they will also be applicable for aircraft flying above the weather. A procedure for the pre-
diction of the attenuation at a location where there are no measured data, but where the rainfall

characteristics are known has been described by the CCIR (ref. J1).

4. LAND EMISSION AND REFLECTION

The noise signal from the ground {s the resultan: of Lhe natural emission from the surface, radiated
in the mauner described in section 2, 2nd reflected radiation from the sun and atmosphere. Daytime measure-
ments show a minimum in the spectral radiance of most surfaces at a wavelength of about 3y (Kauth - see
Wolfe 1965) where the intensity of the reflected solar radiation begins to exceed that of the thermai
emission from bodies at ambient temperature. At wavelengths ~ 10y the reflected radiation from an overcas*
sky can be equivalent to a rise in surfacc temperature of several °K. At microwave frequencies, the bright-
ness temperature of solarradiation izctropically scattered at the Farth's surface is small and is given by

Ts(lg ~ 0.06°K for total reflection,
27

where T~ 6000°K at A = 1 cm and D' ~7x 10-5 steradian.
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Most surfaces have a spectral emissivity peculiar to that particular surface and to the particular
conditions prevailing at the time of the measurement. Such & radiation i2 termed a signatura. The
acquisition and interpretation of signaturec as a function of tiwe and location form the basis cf the
environmental remofe sensing programmes. Ior rough surfaces obeving Lambert's law, even L{f the emissivity
is independent of temperature, the brightness temperarure of the ground wili expecrience temporal, diurnal
and seasonal changes arising from changes in surface temperature. Also, in areas of vegetation and in
areas where freezing occurs, the surface emigsivity will undergo seasonal changes.

In ordex to interpret the various signatures, laboracctry and ijeld studies are now ‘n progress to
determine the spectral radiance and surface emissivity of naturally occurring materials. Also, measure-
ments frow aircraft and sat:llites are being analysed in conjunction with ground truth data. Most of e
work =3 at frequencies within the atmosphere windows.

In the infra-red region Buettner and Kern (1965) have made laboratary measurerents of the
emissivity of many mineral materials at wavelengths between 8 and 12y, Most of the values of emisgsivity
in the normal or near normal direction are greater than V.9 and do not exhibit a strong temperature
dependence. The emissivity for various types of sand, wer and dry, lies within the range 0.914 to 0.936.
In directions away from the verti:al, the emissivitz decreases. At 12u, the emissivity of water at 8G°
from the normal is only about 0% of its value at 0°. Buettner and Kern also quote some values of
emissivity measured by other workers. Melting snow seems to have & very large emissivity~ 0.99. Ice
gives a low reflectance (large emissivity) in the range 6 to 10y and experiences a maximum in the
reflectance at 13,

A survey of the literature and knowledge of land and ses& microwave emission to the end of 1970 and
with particular referc ce to hydrology and oceanography was prepared by Falkenmark and Karstrom (1972) as
pert of a series of E,RO Reportss A summary of the various land values of emissivity found in this survey
is given in the first part of Table 3. In general, the values of emissivity for land surfaces are high,
and, away from the nommal, rough surfaces are brighter than smooth surfaces. However, the emis.ivity for
water (see Table 4) is much lower~ 0.4. Hence dry soils emit radiation more strongly than wet soils as
can be seen from Figure 4 of reference 9. It is also to be expected that the emissivity ¢f land surfaces
will be lower during and immediately after a rainfall than for dry condftions. The emissivity tends to
decrease with increasing wavelength for vegetation and to increase with decreasing wavelength for water.
The differences in brightness temperature acrcss land at a constant temperature are expected to fall
generally within the range 10 to 30°K. However, large differences in brightness temperature up to about
1501 + in occur across land/water boundaries.

Recent measurements from aircraft of the emission from bare soils at wavelengths of 21 cm, 1.55 cm
and 0.8 cm have been reported by Schmugge et al. (1974) who correlated brightness temperature with soil
moisture content. At 0.8 cm, the emission is sensitive to surface moisture while emission at 21 cm
responds to moisture in a layer 3 to 4 cm thick. Straiton et al. (1958) measured the brightness
temperatures of lake water, asphalt, giass with weeds, and gravel at 4.3 mm wavelength as a function of
polarisation and angle of emission. Reflected sky radiation is included in these values of brightness
temperature quoted by Straiton et al.

5. EMISSION AND REFLECTION FROM WATER

The application of remote sensing techniques for studies of prouperties such as surface temperature,
sea state, salinity, ice cover and oil pollution has long .>en realised and has received much attention,
particularly since the sea is fairly uniform over large areas and can be probed with sensors of
comparatively low angular resolution. However, most of the published work refers to measurements and
calculations at cm and mm wavelengths.

At infré-red wavelenpths the mesgurements of Puettner and Kern gave a value of *.993 for the
emissivity of pure water in the range 8 to 12u, with smaller values at longer wavelangths. Water
contaminated with oil has values less than that for pure wnter. From the values of reflectance quoted LY
Clark: (1967), the 2missivity of the sea is 0.98 at normal, 0.96 at 459, 0.94 at 60° and considerably less
at large nadir angles.

At cm und mm wavelengths, the emissivity of water is comparatively small as show in Table 4.
Perfectly flac water behaves as x Fresnel reflecting surfece and in directions otier than the normal
exhibits strong polarisation effects (e.g. Figure 2 of ref. 9). Calm water has an emissivity of about
0.4, but the emissivity from & rough sea can be very much larger, giving an increcse in brightness
temperature up to 100°K (Nordberg et al. 1971), depending upon the wave structure and particularly upon
the foam coverage. A detailed theoretical treatment by Stogryn (1972) illustrates the ccmplexity of the
problem. 1In Stogryn's analysis, the foam coverage is reluied to the wind velocity (C to 30 m/sec) and the
r.sults obtained for the overall emission from the sea as a function of angle for both polarisations
cowpare reasonably well with the expcrimental data of Hollinger (1971) at 1.41, 8.36 and 19.34 GHz and
Nordberg et al., (1971) at 19.4 GHz. Corputations of the emission from foam itself at 13.4, 19.4 and 37 GHz
from an analysis of rajiometric data are also given by Stogryu as a function of nadir sngle icr both
polarisations.

Ice and sea ice have values of emiusivity much larger than water. Conseguently, sharp changes in
brightnass temperature ~ 150° K can occur across nn ice/water interface. At low frequencies ~ 2 GHz and
less, ice does not attenuate strongly, and if the ice i: less than about 3 m thick, attenuated radia' .on
from the water below is also emitted. Since thr emissivity of water is conziderably less than for ice,
the overall brightness temperature is less than for ice alone and gives a method for estimating ice
thickness (Adey 1972).

The discussion above has been concerned sclely with the emission of radiation at the surface. How-
ever, since the emissivity of water is about 0.4, the reflectance for sky radistion will be about 0.6 at
normal incidence.
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6. COMBINED EFWFECTS OF LAND, SEA AND ATMOSPHERIC THERMAL ZEMISSION

it is the purpose of this section to prosent general equations and techniques for estimating the
ragiarce And brizhtness temperature for a downward-pointing sei:gor At a po’at in the atmosphere, taking

suzface, the attenuation of both of these radiations hy the atmosphera and the emission from the atmosphere
itself along tae slant path of interest. Weger (1950) has computed brightness temperatures for a receiver
at an altitude of 10 km for wavelengths from 0.43 to 3 cu for three types cf weather condition.

/
ﬁ into 4ccount the thermal emission from a land/sea surface, reflection of downcoming radiation by the

Consider the situation illustrated in Figure 4. The radiance at the aircraft in the frequerncy
range v to v + dv resulting from emission from the ground, &tmosphere and backgrcind will be designated
Np(v,Tm)dv and is given by

a1, T ) A0 = E(0) €N TV + 6 (1 = eWINJ(0,T,)dy + Ny (0,7, )dv (12)
or NY = teNy + toN, + N:p (13)

where Ng( v Tg), N:( v, Tq) and N:p( vy T,,) are the spectral radiances at the frequency v of a black-body at
ground temperature T_, the atmosphere Bnd background at ground level with effective temperature T,, and the
atmospheric path betWeen ground and aircraft with effective temperature Ty,. €(Vv) is the ground emissivity,
p(v) is the reflectance and t(v) is the transmittance of the atmosphgre begwﬁeyk*mund and aircraft.
u.‘,’(u,rs) is the Planck spectral radiance or brightness function (2hv-/c?)/(e™V ~ 1) where T has the
constant value Tg. If the ground emits as a grey-body, €(v) will be constent. N.v( V,Ta) and N}"p( vy Tap)

are also Planck guncttons to give the equival:at radiation from a black-body at the frequency v, but fn
general, the values of Ty and Tap will vary with frequency.

Equation (12) is very difficult to handle and requires numerical integration. However, it is often
used in the following simplified integrated form (Clark 1967, Bliamptis 1970).

N o=t &N + :.(1 - €N, + N.P (14)

where Np, Ny N, and Ny, are radiances of the form INvdv, and t,, € and t,, ¢, are the effective values
of transmitteace and emissivity over the distributions N, and N,.

At microwave frequencies, since the spectral radiance is 2u2kT/c2, equation (12) reduces to
T, = "Ts +t(1 - OT, + Tap (15)

and can be f{urther simplified for particular cases. In the absence of scattering, the tem Tap can be
related to the path transmittance t or to the absoxptance equal to 1 - t. 1If, also, the brightness temper-
ature Ty is separated into components aTor and (1 - a)Ty from the atmosphere and from external radiation,
equatiou (15) gives the measured brightness temperature as

T, =(1- .p){‘Tu + p[a'ru‘_ + (1 - u)'rx] }+ lp'l'p (16)

where a, Tpr and Ty are the tots. stmospheric absorptance, effective atmospheric and eifective exterunal
temperature 2veraged over & hemisphere and appropriate to diffuse reflection with coeificient p at the
ground. For specular retiection, p=1 - ¢ and a, Tyr and Ty are the values along the specular path. Tp
is the effective temperature along the grouad-to-aircraft path and ap is the associated absorptance.

Based on special cases of =auation (14), Bliwmp:i- has described a nomogram uvcchnigue {or deter-
mining the ground temperature if the other quantities are known or have been estimated. The same technigue
can be used in particular cases to obtain the radiance or brightness temperature at an sircrafc if the land/
sea and atmospheric emission parameters are known.

7. SUMMARY AND COMNCLUSIONS

A maximum emission of about 31 watt.m'z.p'l from a black-body a: 300°K occurs at a wavelength of
about 10u. The values of emissivity of many types of land surface are beiween 0.9 and 1 at infra-rad and
microwave frequencies. Hence, within the most transparent atmospheric windcn ieglons, the radiation
received by an airborne nadir-poiating radiometer on a clear day will be virtually identical with that
Lrom a black-body at the ambient surface temperature. Within the opaque far infra-red and submillimetre
regions and within the infra-red windows in the presence of heavy cloud, ground emission can be cut off
and replaced by emission from the atmosphere ai temperatures as low az 250°K. In the microwave region,
cloud attenuation and emission are considerzbly smaller than in the infra-red region, but emission,
absorpticn and scattering by rain become incraasingly important at frequencies above 10 GHs, depending upon
the rainfall rate or percentage of the observatiorn time.

Water behaves alwost as & black-body at infra-red frequencies, but at microwave frequencies can act
more like a mirror or Fresnel surface with strong reflection and polarisation effects. 1In particular, solar
radiation can be strongly reflected by calm water and produce & large effective noise temperature at angles
near the specular direction, producing s glitter effect. Also, reflected cloud/rain radiation can add
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considerably to the surfaca emission. However, & rough foam covered res is more radiunt than a calm sea.

From conlifaﬂtlonhof interference due to terrestrial thermai noise, airborne squipment operating
within the band 107 to 10°" Nz should be designed to cope with a background eaission from a black-body at
the highest kinetic temperature likely to be encountered along & viewing path. In most cases, however, the
radiation received will correspond to & lower brightness temps.cture. This paper discusses the fundsmental
aspects and gives methods and references for estimating the true path brightnass temperature or radiance
if other paramaters are known.
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Table 1 Quantities Associated with Plenck's Law ; Units and Dimensions
Sywbol and Quantity Planck form Constant and Values Rayleigh Constant and Values
Jeans form '
Up t Energy density 8vch 8%ch = 4.99 amT Ok = 3,468 x 10'“
per unit wavelengch A,( e ) (Joules s | A (1?23
e -1
% w1039 x 10
*°x)
Uv 3 Energy density 3 8 =38 ytvz'l‘ 87k =47
per unit frequency B;t:’v CJ - 6.166-: 3(3) -—rc - 3 = 1.285-; :0-1 -
interval NG~ ) (J.Hs"'m™) ¢ (J.us”” %K™
e =1
D - 6796 x 1071
s”? °x)
4
E)  Spectral 2 8 2WckT 2wek = 2,601 x 10
emittance 3~ Fower 2rcthy Hch =742 x :0-2 At (watts w3 oK-x_-z)
radiated per unit 5( T (watts pm )
surface area per unit A'\e -1
wavalength interval
E, : Spectral 3 2
exiteance s- Power 2eby 2B w624 x 1070 [ TR 20k - 9.636 x 107%°
radiated pez unit zi T ) [ c c 3o 1 =2
surface ared per unit c -1 (vatta “'-6-2) (watts Hs " K 'm )
frequency interval - 27T .11
2 27k = 8.671 x 10
A 20,1 -2, -1
(vacts u%k " Ta N )|
B) 1 Spectral 2¢%h 2c?h = 1,192 x 107 || KT 2ck = 8.280 x 10°
brightness :- he 4 -2 -1, || A 3o -t <2 -1
Brightness per unit 5<m ) (watts ym sr ) (watts 4" X “m "sr )
wavelength interval A\e -1
B, & Spectral 3 -
brightness i- 2::’, B e a2 21070 ﬁzi 3‘5 = 3.067 x 10~
Brightness per unit 2( kT ) [ b 2 o1 ] c 30 -1 =2 o1
fraguency interval c\e =1 (watts Hx m “sr ) (watts He " K m “sr )
= —2he Zhe = 3.9%6 x105” | 25 % = 2.7¢ x 10”11
AB"I:_T' 4 (watts u"He m sr ) A (vatts "zH_-on-x_-zn-x)
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5 Tahle 3 Emiseivity of Terréin at ca s+’ wa Wavelangths
T T Imissivity .
: Substance ! et Normal Frequency | Wavelengtih | Raference c nts
H GHs cm No.
Incidence
Grass ~1 Grays hehaves as 8 rough
surface with virtually
no polarisation o
angular effects
sand ~1 ‘
|
Concrate ~ 1 :
i
Dry natural surfaces 0.8 to 0.93 cA Depends upon vegetation
cover
Vegetation ~1 9 }
Mough dry soila ~ 1 i
|
Dry specular soils 0.7 to v.? ' ®olarisation and angular
' effects
Moist specular soils lower than 13.4 ‘ Depends updn polar-
, dry soils © isation and nadir angle -
! ) ' see figure 4 of ref, 9
i ]
Average for land areas | 0.85 \ 1.35 to :
] ) 1.9 ‘
Snow ! Emissivity caa approach
| unity but depends on
J oelsture content
1 Y
Soil (varying moistura) | 0.94 to (.75 ' 21 Emissivity values for
: | : 0=30% weight of water
|
0.94 to 0.73 1.55 20 I Emissivity values for
' ' 0-35% weight of water
| 0.98 to 0.85 ! 0.8 Emissivity values for

0-30% weight of water
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Table 4 Bmissivity of Water, Ice and Foam at cu and sm Wavelengths
Substance E‘l:?r:::’ '"g:"’ "":“'“‘ "f;::m. Comments
incidence
Calmn weter 0.4 3
Cala water 0.3 3.3
Calm waler with 100% foam 0.8 9 Laboratory study
Ice ~1
Sea ice 0.93
Sed water 0.43 19.4 : 19 Wind spesd 6 m/sec
Sea water 0.% 19.4 ' J Wind speed 25 m/sec
Sea watasr 0.45 19.4 ﬁ; ; -;:nd speed 6 m/sec
Sea water C.35 19.4 i ! Wind spead 23 w/sec
Sea water 0.63 % 19.4 ! Wind sp.ed X0 m/sec
Sea water 0.51 37 Wind speed 10 m/sec
Sea water 0.69 k) . 22 ¥ind speed 30 m/seac
Ses water 0.41 13.4 Wind speed 10 ua/sac
Ses water 0.58 13.4 I . Wind speed 30 m/sec
Ses foam 0.78 13.4 X
Sea fosm [N 3 19.4 '
Saa fom 0.89 PR :
Lake wetur .43 & Brightness temp. 220°
! includes reflected sky
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DISCUSSION

H. J. ALBRECHT: This 1s a supplementary comment to the excellent review just presented on the subject
of land, sed, and atmospheric thermal noise. Referring to the apparent dependence of brightness
temperature of the ground upon moisture and temperature of the ground, world maps of brightness tempera-
ture based on satellite measurements were shown during the URSI (Union Radio Scientific International)

: Specialists' Meeting or. the subject of remote sensing held in Berne, Switzerland in September 1974,

. It 1s interesting to note that, on an as yet qualitative basis, these maps agree very well with worid

; maps of electrical ground conductivity first presented during an EPP (then EPC) Meeting in 1967

{ (M. J. A.: On the geographical distribution of electrical ground parameters and its possible effects

4

on navigational systems; in Agardograph No. CP 33, "Phase and Frequency Instabilities in Electromagnetic
Wave Propagation,” Technivision 1970). Although the latter map was also based on moisture and temperature
of the ground, as well as on its type, the agreement is remarkable because, other than in the case of
ground conductivity for lower frequencies, the brightness temperature is only affected by the upper
surface layer of a thickness of a few centimeters.
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IONOSPHERIC AND TROPOSPHERIC SCINTILIATION AS A FCRM OF NOISE

by

E. J. Fremouw ’
C. L. Rino —
Radio Physics lahoratory

Stanford Resesrch Institute
Menlo Park, C» 94025 USA

ABSTRACT

Scintillation has nany ¢f the detrimc.tal effects of noise, in thet it produces random fluctuation
of the complex envelope of a modulated signal. A useful way to characterize scintillation effects is to
describe the signal statistics that result when a CW wavc is transmitted through s random medium that
imposes complex modulation during propagation to the receiver. Many theoretical treatments, based
essentially on the first Born approximation, descrite the signal statistics in a manner identical with
the noiss theory of Rice. Other treatments, following the Rytov expansion, suppose the phase and the log
nf amplitude to be Gaussian random variateas, Most data tests have favored the latter, 'log-normsl,”
statistics, The Born-based theory predicts Rice statistics only at very great distance from the perturbing
medium, however, and it has been suspected that generalization to permit the quadrature componentis of the
scattered signal to be partially correlated Gaussian variates of unequal variance might better match the
ob’ arved signal statistics. Recent tests of signals observed through the ionosphere, the solar wind, and
& iaboratory plasma have consistent’y confirmed this speculation and have revealed a surprising consistency
in parameters describing the first-order statistics of a signal caused to scintillate by a randomly
structured plasma, This paper describes a means for exploiting these new findings in a transionospheric
communication channel mcdel; a similar effort for nondispersive media such as the troposphere right also
be profitable.

1, INTRODUCT ION

When a radio wave is scattered in a medium with random refractive-index structare, the resultiag
elrctromagnetic wave-field becomes « spatially random variable, When there is relative motion hetween the
medium and the radio line of sight, the voltage delivered by an antenna to a receiver takes or many of the
attributes of a signal buried in noise., In particular, its amp’itude and phase--or, alternsiively, its
quadrature somponents--display random variations that we cal’ "scintillation."” In describing scintillation
for application to communication syatem design and operation, we are concerned with the re:ulting signal
statistice, If we obtain the statistics for a CW incident wave, the results can be generalized to modulated
signals by Fourier techniques,

2. FIRST-ORDER STATISTICS
2.1 Evidence for Gaussian Signal Statistics

We begin by considering the simple phasor diagram shown in Figure 1, where I represents the instanta-
neous complex amplitude of the received quasi-CW signal (CW except for the rardom modulation imposed by
scintillation). The scattered component of the signal is represented by the randomly varying phasor, E,,
and the nonscattered component by (E), the mean value of E, Thus we have chosen to reference all phases
to the phase that the received signal would have in the absence of scintillation,

Our interest is in relating the signal statistics to properties of the medium, which requires that the
scattering problem be treated by some approximate solution of Maxwell's equations. There are several
approaches, but two--the Rytov method of smooth perturbations and the application of the first Born approxi-
mation--exemplify the differing signal-statistical results obtained. The differences arise essentially
from the quartities chosen to represent the scattered wave in a perturbation calculation: phase and the
logarithm of amplitude in the Rytov approach, replaced by quadrature components in the¢ alternative approach.
A loose application of the Central L.. ‘'t Theorem to the chosen quantities results in a hypothesis on which
the signal statistics can be formul: .ad,

In the Rytov approach, it is natural to postulate that phase and the log of amplitude are jointly
Gaussian variates leading to so-called log-normal statistics for amplitude. This postulate may also be
appetling to those familiar with the phase-screen approach to calculsting scintillation effects, as
developed, for instance, by Bramley (19583). For those familiar with the scattering theory of Booker and
Gordon (1950), on the other hand, it is equally natural to postulate that the quadrature components of the
scattered signal E; are jointly Gaussisn variates, ylelding so-called Gaussian signal statistics.
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I1f the quadrature components were uancorrelated and had equal variances, the statistics of the conplex
voltage El would be identical tc those of noise, and the statistics of the resultant signal E would he those
described by Ricv (1945) for a CW signal with band-limited white noise added, Since the scattering is
described by a field component added in phase quadrature to the incident wave at the scattering location,
however, ithere is no s priori reason for making the equal-variance assumption at an observing point. More-
over, calculation of the resultant signal expected at an observing point attributes the real (relative
to (E)) component of E_ to diffractive phase rotation of the initially imaginary scattered wave. Thus
no valid basis exists for assuming the real and imaginery parts of E- to be uncorrelated either,

It is well known (Beckman and Spizzichino, 1963) that, for generalized Gaussian statistics, a contou.
of equal probability for the complex value cf E., and therefore of E, is an ellipse such as the one shown
in Figure 1. In the special case of Rice statistics, the ellipse reduces to a circle. To describe the
first-order statistics of E, we are interested in the characteristics of the ellipse: its size, eccen-
tricity, and orientetion angi~,

Let us define the Quadrature components of E. antd theilr variances and covariance as follows:

3

¢

E. = X 4+ 1Y 1)
0 8 (x- P = (¥ - &) ™
97 8 Lr - () = () 3
o 38 ((x -GN - =&y . (4)
Xy

Now suppose for the moment that X and Y are uncorrelated (cxy = 0). Then, clearly, the ellipse is aligned
slong one of the axes of the complex plane (6 = 0, say), In this special case, the axial ratio of the
ellipse obviously is equal to the ratio oy/c . Furthermore, the size of the sllipse depends on axa + cya.

It can be shown (Bello, 1971) that the characteristics of the ellipse are dictated by one real and
one complex quantity:

Ro = (E E.) -*}? (5)
and

B, =(EE) . . ‘ (8

The importance of R, and B, for describing the correlation ellipse comes from the fact that they completely
dictate the variances and covariance of X and Y, as follows:

a _1

o =2 (R + Re (B D) . (M
2 1

o =7 (R - Re {s,h (8)
a _1

oy =z I {30] . 9)

From the above relations it can be shown that the eccentricity of the correlation ellipse, in general, is
related to |B°|/R° and that its orientation angle is given by tan (20) = Im {Bo}/RQ [Bo}. Clearly, its
size depends on cxa + oya = Ry, which represents the scattering coefficient of the medium,

Although for application to communication systems, we are interested in the complex-smignal statistics,
most scintille‘ion observations have been of real amplitude, |El, only. Furthermore, most observations
have been reported in terms of some scintillation index related to the variance of either |il ur E 2,

A useful index is the normalized second moment, S84, or received signal intensity, defined by Briggs and
Parkir (1963) as

-]
842 = (e a)E' {ep) . (10)

If the underlying signal statistics were log-normal, there would be a unique probability density
function (pdf) for [E| or for IE 2 for a given value of 8,. On the other hand, for Gaussian statistics, a
family of amplitude or intensity pdf's exists for a given S¢, depending on the scattering coefficient ho
and the remaining two ellipse ;.'raveters, |Bo|/R° and §. We shall see shortly that the latter two para-
meters can be reduced to a single vaiiable, Z. for a particular representation of the scattering medium.

Figure 2 shows two members of the f<mily of pdf's for the signal intensity derived from the Gaussian
signal-statistics hypothesis, for 8, = ¢ 5, compared with the unique intensity pdf derived from log-normal




%’ statistics for the same Sq. As the values of Z vary from very small to very large, the Gaussian-based pdf's
H range from & highly peaked function to the limiting curve predicted by Rice statistics. ; "EZ
3
5 Various scintillation rusearchers have compared intensity histograms with the intensity pdf's based on 9
i log-normal and on Rice statistics and have found a closer fit to the former (e.g., Cohen ot al., 1967).
N It is incorrect tc vonclude from such tests that the Rytov approach to scattering calculations is superior
to that baved on the first Born approximation, however, because Rice statistics represent only a limiting
form of the first-Born statistical results, .

More recent tests have included a procedure for searching the Gausgisn-based family of pdf's for tke H
best fit to the data (Rino and Fremouw, 1973a; Rino, Livingston, e£nd Whitney, 1974). The results, an /
exsmple of which is shown in Figure 3, consistently show that & better fit is obtained to Gaussian than to

: log~nomal statistics and thai the best-fit Gauzsian-based pdf is more pesked than the log-no:mal pdf,
implying small values of Z. The significance of this latter fact will be explored shortly,

The histogram in Figure 3 is from observations of the 137.5-MHz beacon on ATS-5 made from Sagamore
Hill, Massachusetts, by the AFCRL group, Similar {ests have been made with simultaneously collected |
412-MHz data, with data obt=ined by observing radio-star scintillation produced by the solar wind, and with
microwave-scatter data fraom a laboratory plasmu., The fits, measured by the chi-squared (X') or mean-square
(<A3>) error, have been consistently better for Gaussian than for log-normal statistics, as shown in
Table 1,

Table 1 Summary of Dats Fits to Gaussian and Log-Normal Statistics
Scuttering Medium Frequency Error Parameter
(MHz) Gaussian Log~-Normal
Laboratory Plasma 31,000 x4 . 429 ¥ = 624
Laboratory Flasma 31,000 x? = 7038 X* = 1385
Solar Wind 7 | &)= 36 | (4% s 99
Solar Wind 75 | ) = 70 (A% = 75
i Solar Wind 75 | {a®) = 80| (a*) = 88
' lonosphere 138 x* = 889 x® = 1062
S Ionoephere 138 x* = 11856 x® = 1638
' Ionosphere 138 x® = 308 X* = 502
i Ionosphere 138 x® = 433 X* = 949
b Ionosphare (Fig. 3) 138 X2 = 200 | X = 1496
i loncaphere 412 X? = 433 ¥ = 611
: Ionosphere az X2 = 277 | X = S19
, Ionoophere 412 ¥ o= 171 ¥ = 272
1 Ionosphere 412 x¥ = 205 x¥ = 223
Ionosphere 412 X2 = 150 X = 386
Computer (Fig. 4) ——— X2 = 468 x? = 390
1
- The above results seem to imply a superiority of Born-basyd scattering theories over those based on the
Rytov expansion. Omne might, however, suspect that the results arise because of the extra parametor available
in searching the Gaussian family for a best fit to a finite-sample histogram. To tes: this possihi® ‘ty
empirically, s simulsied data sst was drawn fion a computer-generated random-number table force¢  obey
log-normal statistics. The computer-generated diata set was then submitted to the curve-fitting process
used for the real data.

The result, shown in Figure 4, was that the process did properly find the computer-generated data set

1 ' to be better described by log-aormal statistics than by the best-fit Gaussian statistics. The chi-sQuared
) errors for the simulated data are given in the last row of Table 1, We conclude that the consistently

3 better fit of real scintillation duta to Gaussian-based statistics than to log-normal statistics is a valid

| result and not an artifact of the analysis technique.

Not only have the data tests consistently favored Gaussian over log-normal statistics, they have also
consistently yielded small values of Z for the best-fit pdf's. We shall soon gee that this means rather
eccentric correlation ellipses (lBo'/Ro % 1) oriented quite vertically on the complex plane (8§ << 48°),
One ramification of this fact is that the corresponding pdf's for phase can depart considersbly from the
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simple Gaussian shape predicted by both Rice and log-normal statistics. Some examples are shown in
Figure 5, for ellipse-parameter values corresponding to small to moderate Z, Note the asymmetry of the
curves for § > 0, Similar curves generated for larger values of S¢ (Rino and Hatfield, 1874) show a
double-pmaked structure.

2.2 Relation to Scattering Medium

The relatiun of the ellipse parameters to Z--in fact the precise definition of Z--depends upon the
spatial gpsctrum of the rofrnctivélindex irregularities in the wedium., In general, Z is s measure of the
relative size of the radio Fresnel zone at the di-tance of the acattering region and of the scatterers
producing the scintillation. For a power-law spectrum of the fom

1+ @)@ H , an

nx)

it can be shown (Rino and Fremouw, 1973b) that

Az
Z =§-’F y (12)

where ¥ Az is the Fresnel-zon2 rvadins and @ is an irregularity scale-size parameter.
Y
For scattering in a layer uf plasma-dersity irregularities having a spatial spectrum similar to Eq. (11)
but allowing for elongation along ore uxis (the geommgnetic field in the ionospheric case), the ellipse
parameters can be shown (Rino and Fremouw, 1973b) to be:

(v -i) a .
2 3)\3'“ ze_______ac.. ,
Ro = J; r sec T -1 P n (13)
where
re = claseical electron radius
A = radio wavelength
L = scattering-layer thickness
8 = tincidence angle on the layer
V = gpectral index in Eq. (1li)
a2 = axial ratio of irregularity s:ale size along the
magnetic field to across it
B? = 4% cos® ¥V + sin®, where ¥ = magnetic dip angle
& = scale parameter in Eq, (11)
cnaa variance of electron density in the layer
B
l‘&l, = -dluzHl| (14)
R b
o
and

1 A m {((z,6)]

§ = =
"R WzBH @

N

where ¥ is an integral over spatial wavelength, X , depending upon Z and a function of £ determined by the

thickness and shape of the layer.

The main point to be noted in Eqs. (14) and (15) is that the eccentricity and orientation angle of the
correlation eilipse are not independent. Rather, they are functionally related through the integral 4,
which in general requires numerical evaluation. They vary systematically in post-scattering propagation
a8 Z increases because of its dependence on Fresnel-rzone size.

In Figure 6 we show several numerically evaluated points on a plane of & vs. |B°|/R°. fen a power-law
spectrumn with index V = 4/3. For comparison, we have also plotted a solid curve for a Gaussian spectrum,
for which the integral can be evaluated analytically., For both spectra, the calculations shown are for
the case of normal indicence on a layer containing isotropic irregularities. Similar curves are obtainable
for different geometries.
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What Figure 6 shows is that as the scatterci wave propagstes from Z = 0 to Z > 1, the correlation
ellipse rotates from being alignod elong the imaginary axis in Figure 1 to oceing at an angle aporoaching
45°, simultcneously circularizing (IBg|/R, = O). The rate at which this approach to Rice statictics takes
place &s the propagotion distance, z, increases depends on the scale paramoter Qa, é 5

The fac® that jonospheric scintillation data display best tits to amplitude pdf's consistent with
small Z and varying little with A implies very large values of @, These results are consistent with both
in situ (Dyson, NcClure, and Hanaon, 1974) and remute-sensing (Rufenach, 1972) estimates of the outer
scale of ionospheric irregularities, which indicate values axceeding several tens of kiloaeters.

The same in-aitu and remote-sensing measurements indicate that the spatial spectrum of ionospheric
irregularities is, under most conditions, well approximated by a power law with index ¥V =~ 4/3 and not by
a Gaussian law as has otten bean assumed for muthematical tractability. This in itself i: unfortunate
for quantitative modeling or ionospheric scintillat‘un for systeme application, because tue integral that
dictates BOI/R° and § must tuesn be solved numerically. In Figure 6, the structure in the deshed curve
for values of Z greater than about unity is an artifact of numerical inutcgration over finite limits. It
is not efficient to extend the limits, because the aintegration is very time-consuming even on large
machines. The integration proceeds more rapidly for s=mall values of Z, however, Thus the observation
that small values of Z prevall for situations of applications interest and that they vary only weakly with
ohserving frequency 1is fortuitous for modeling.

An example of our interest in evaluating the probability-ellipse parameters is given in Figure 7,
which shows how the scintillation index S4 varies with the ionospheric scattering coefficient Ry and the
eccentricity and orientation angle of the ellipse, for Gaussian stetistics. Solely on the basis of
Gaussisn-statistice hypothesis, one obtains the following relation:

2
S¢? = 2R (1—n)(1-la°| c0326)+R2(1+'I‘-82J-) , (16)
[+] [+] ] RO

R
[

which is plotted in Figure 7 for scattering coefficients of 4, 16, 368, and 64 percent,

The dominant factor in dictating the scintillation index is the scattering coefficient, but the
experimental evidence indicates that transionospheric communication systems operate in the regime where
the ellipse eccentricity and orientation are also significant. They become increasingly important as one
desires increasing signal-statisticel generality for modeling (i.e., parameters beyond simply scintillation
index), especially for complex-signal statistics.

To date, nowever, the only quantitative modeling of lonospheric scintillation that has been performed
has been for scintillation index (Aarons, Whitney, and Allen, 1971; Fremouw and Rino, 1973), Furthemrmore,
this modeling has been based on very approximate theory and, in some instances, on data reported in terms
of quasi-subjective indices only crudely related to a theoretically calculable index such as 8.

Recently, however, Whitney (1974) performed careful calibration of the ad hoc index, SI, devised at
AFCRL and widely used for manual scaling of amplitude scintillation records, This permitted accurate
comparison of VHF observations performed by the AFCRL group (Aarons, Mullen, and Basu, 1964) with calcu-
lations of S4 based on the empirical modzl of Fremouw and Rino (1973) for scintillation-producing
ionospheric irregularities. The comparison, shown in Figuie B, revealed a closer correspondence than was
believed to hold when the model was published {prior to accurate calibration of SI in terms of S¢).

Although the existing model apperrs to provide a good basis for calculating the VHF scintillation index
for a considerable range of observing conditions (latitude, time of day, season, snd sunspot number).
it is seriously deficient at the higher frequencies, as shown {n Figure 8, The resson probably lies in
the approximate nature of the theory on which the modeling war based. The model was developed by calcu-
lating S4 according to the weak-scatter theory of Briggs and Parkin (1963), comparing results with published
values of scintillation index (obtained mainly at VHF), and adjusting the lonospheric parameters (mainly
the variance of electron density) until sgreement had been obtained with a wide variety of observations.
The resulting model for i. iospheric irregularity strength is thus subject to errors induced by assumptions
in the scattering theory, which included approximation of Eq. (16) and use of a Gaus3ian svatial spectrum
for calculating R |Bo|/R°. and 6.

Possibly important for nodeling is the limitation imposed by assumption of weak, single scatter. This
essumption has also been made in more recent theoretica) developments, such as that leading to Eqs, (13),
(14), and (15) for the ellipse parameters, Unfortunately, this assumption often breaks down at VHF. The
result is that a model based on VHF obzervations and weak-scatter theory resu;ﬁs in underestimation of the
strength of ionospheric irregularities, Then, when the model is applied to higher frequencies, where
the weak, single-~scatter assumption may in fact be valid, scintillation is underestimated.

At present, no completely general scsttering theory exists for calculating parameters of the probability

el) 'pse when multiple scatter occurs, However, one important multiple-scatter effect that influences the
frequency dependence of scintillation can be accounted for: extinction of the nonscattered signal component
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as it propagstes through multiple scattering layers. From the work of Fejer (1953) and of Bramley
(1958), 1t follows that extinction can be accounted for by replacing the single-scattering coefficient R,
by a multiple-scattering coefficient Ga.. defined by

03 =]l - a-no 17)
]

F which clearly reduces to R, when the scattering coefficient is small. Since R, is proportional to 2, s
can be seen from EQ. (13), use of O in modeling would significantly decrease the dependence of scintil-
lation on frequency. In a current modeling effort, it is intended to account for eaxtinction in this way,
which should result in a model valid for UHF as well as for VHF scintillation,

3. SECOND-ORDER SIGNAL STATISTICS

In all the above, we have been concerned with the first-order statistica of the camplex voltage E.
Also important for communication channel modeling are recond-order statistica in the temporal, spetial,
: and spectral domains. For instance, to apply the CW signal-statistical results to broadband systems, one
t must be concerned with the joint probability of E(f) and E(f + §f), where §f represents a frequency
E increment within the system's passband. Similarly, for space-diversity systems one is concerned with the
Joint probebility of E at different receiving antennas,

e

For second-order temporal statistics, one is concerned, in general, with the joint statistics of
E(t) and E(t + 6t), With the fact established that the underlying signal statistics are Gaussian, the
second-order signal statistics are fully described by autocorrelation functions in the various domains.
Alternatively, they can be presented in terms o Fourier transforms of the autocorrelation functions. For
temporal statistica, the fluctuation spectrum of E is cloarly of interest,

Most scintillation observations are of resl amplitude |E| only. Fluctuation spectra of real amplitude,
or of intensity |E a' have been recorded in recent years by various workers. Figure 10 is an example
recorded by Rufenach (1972), showing the power-law form imposed by the mpatial spectrum of ionospheric
irregularities and a low-frequency flattening resulting from diffraction effects. It is hoped that such
spectra will soon be available for the quadrature components of E, from observations of s multifrequency
beacon (DNA-002) to be launched about the end of this year (Fremouw, 1972). Such observations, when
interpreted by the emerging theory of second-order signal statistics (Fremouw and Rino, 1974), should
provide a firm basis for definitive signal-statistical modeling of ionospheric scintillation.

4 Presumably, the same procedures could be spplied to modeling of tropospheric scintillation. Prior to
’ such remodeling, however, data tests should be performed to establish whether the underlying signal
statistics sre Gaussian or log-normal, The tests summarized in this paper have all been of data resulting
from scattering by a structured plasma and collected outaide the scattering medium, Siailar tests of data
for scattering by a stru:tured nondispersive medius collected within the medium (as would be the case for
troposph¢ric radio scintillation) should shed considerable 1light on the relative merits of Born-based and
Rytov-based scattering theories for application to communication-channel modeling in general,

4, CONCLUSION

In summary, we point out that rather general models of time-varying communication channels can’ be
devised for use in system planning and operation, when the underlying signal statistics resulting from
radio-wave scattering are known. It has been established that the amplitude of CW signals scattered by
three different structured plasmas obeys the statistics expectad when the signals' quadrature components
are jointly Gaussian variates of unequal variance and finite covariance (i.e., Gaussian statistics). The
result is a probability density function (pdf) for received smignal intensity that is more peaked than the
pdf resulting _rom either Rice statistics or log-normal statistics, The corresponding pdf for phase is
somewhst asymmetrical and is broader than that resulting fram Rice or log-normmal statistics for the same
scattering coefricient,

h e ool

Scattering theories based on the fii:t Born approximation lead to the observed first-order signal
statistics of amplitude, while those based on the Rytov expansion do not. It remains to be seen whether
the generalized Gaussian statistics observed for weak and moderate scintillation endure for strong scintil-
lation, especially in the presence of multiple scatter. Meanwhile efforts are under way to apply the above
signal-statistical results to mathematical modeling of the transionospheric radio communication channel,
Similar data tests snd theoretical developments could probably be used to model tropospheric channels
for microwave and lager communication systems,
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Fig. 1 Phasor diagram illustrating a contour of equal probability for the complex-amplitude of a

scintillati~ W signal.
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P. HALLEY: [In the statistical studics that you have conducted concerning scintillation at the reception

-multiplying noise.

E. J. FREMOUW: [t is not the integral of the Gaussian PODF.

. &

DISCUSSION

of the field emitted by & satellite end having crussed the fonosphere, you have determined the charac-

teristics of the transfer function. What was the mcusurement time interval used for this puspose? é,@
In 1inks established by ionospheric reflention between two points on the ground, we noted at CNET

that the deterministic as well as the random part of the transfer function presented spproximately the

same characteristics for three minutes only, '

€. J. FREMOIN: The data were grouped in blocks of 1024 samples, and ! don't remember the basic sample
rate. In the amalysis, which was performed by my colleague, Or. Rino, the mean and standard deviation
were calculated for each data block. If cither of these moments changed significantly, thc data were
declared nonstationary. Stationary sets of data were »nalysed together to reduce statistical variation -
fn the results. Acceptable stationarity usually e»: .ed for several minutes in the case of synchro-
nous satellite observaiions. [ think the largest such period was about 45 minutes, but this was unusual.
It i3 certainly true that there are ronstationarities in the signal statistics, arisiai from nonhomogeneity
of the fonosphere's spatial statistics. The nonhomogencity can have more fundamental influence on the
the signal cheracteristics, via the scattering process. Dr. Rino s currently exploring the theoretival
aspects of locally (as vpposed to strictly) homogeneous statistics, and 1'1) Mve to account for the
eoffects in future modeling.

Quasi-deterministic trends d-i5e in scintillation as well as in fonospheric (& form of
nonstatiomarity) reflection.

E. M. FROST: The paper is concerned with the case where the signal {3 large compared with received
background,

In satellite ceasurements the signal to noise ratio is poor. A problem is to separate the added
nofse (thermal noise, etc.) from the miltiplying noise {scintillation). One clue is that with thermal
nofse the power output is proportional to pre-detector bandwidth, while this not necessarily so with,

Has the author any advice?

€. J. FREMOUM: Further clues: 1) Two receivers will produce noise that is uncorrelated, while
scintillations will be correlated on signals from two receivers--even with antennas separated by many
10's or even hundreds of meters; 2) The flugtuation spectra of the two are different. Bandlimited
white noise will, of course, have a spectrum dictated by the receiver. The fluctuation spectrum of
sciatillation often hes o cheracteristic power-lay shape.

F. J. CHESTERMAN: Is the Rice distribution in your s)ide a Rayletgh on Square Gaussian distribution?
Is it the integral of the Gaussian PDF? Considering the vector components there are a2 family of Rice
curves and the Rayleigh {s one special case.

F. J. CHESTERMAN: Do you find in practice higher order amplitudes in the tail of the distributfon
than theory predicts? Some departure from theory in practice inevitadle.

E. J. FREMOIM: This was not my point. My point was that there are more large-ampli: de samples than
predicted by log-normal statistics, and that this fact is consistent with Gaussian statistics, which
result 1n a longer “tail” in the amplitude PDF than is the case for log-normal.

H. J. ALBRECHT: Referring to the suitability of scintillation models to descritie the enhancement in

the equatorial region, it would be interesting to learn whether the model here mentioned cuuld be

adapted to this purpose, with particular regard to the fonospheric scintillations recorded on SHF-

frequencies as, for instance, in the INTELSAT-net. :

E J. FREMOUN: The same scattering theory should be applicable. However, there are in-situ satellite
data showing a structured spatial spectrum in the equatorial fonosphere--i.e., there are "bumps" in the
spectrum at preferred spatial frequencies. [ suspect that these structured spectra are responsible

for the SHF scintillation. It remains to be seen whether the iategrals arising in the scattering
theory in the presence of such spectra can be solved analytically. If not, then one could evaluate
them numerically. In either case, it will be important to know how the spectrum varies with geophysical
conditions. When this is established, then it should be quite possible to adapt the model to SHF

" scintillation , and we hope to do so.

H. J. ALBRECHT: With the theoretical difficulties you just mentioned or with the “bumps" in the spuctrum
of those scintillations, are you actuully referring to properties related to the oscillatory nature of
the auto-correlation function?

E. J. FREMOUM: VYes. . '

J. AARONS: Equatorial scintillations (recently) have been found tu have "bumps" or enhancement of
particular frequencies. .

E. J. FREMOUM: .
J. AARONS: Didn't the solar wind analysis show log-norma) statistics?
E. J. FREMOUM: They showud that log-normal is more accurate then the amplitude probability density

function arising from the special case of Rice ‘statistics. Qur results showad that a non-Rician
member of the generalized Gaussian statistical family is still more accurate.
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THE INPLUENCE OF PARTICULAR WEATHER CONDITIONS ON RADIO
INTERFERENCE

C. Pengler

SIGMA Association
Alaterkrugchaussee 429
D=2 Hamburg 63, Germany

SUMMARY

The various propagation properties of the atmosphere are associated to the vari-
ation of the refractive index. A stratified atmosphere shows due to the meteorologi-
cal parameters a strong change which corresponds for example to variations of para-
meters as k-factor or . lio horizon and noise temperature, The case of an atmoaphere
with embedaed discontinuities is illustrated by experimental results, which ware ob-
tained on line-of-sight ground iinks, links with a distance near the radio horizon,
transhorirzon links aa well as earth-space links. It concludes that most radio inter-
ference is to be expected during days with strong radiation and the influence of
cold fronte,

1, INDERX OF REFRACTION

The gropn%ltion froportiea of the .:moaphere for electromagnetic waves are cha-
racteriszed by the dieleciric constant € aend the index of refraction n, respectively.
In the troposphere both depend on the local tem ature T °Kd o the pressure p [_mb].

and the watey vapour e [pb soccording to the relation (valld for frequencies up to
about 3 GHs)

-6 3
ﬁ-n;1¢ﬂf%ﬂ£—-(p¢i%—1—o—.).

In the genersl form the dielectric constant is complex, i.e. & = €, +1 &, . For

frequencies higher than 3 GHs the imaginary part g,-is doxinating and herewith ab-
sorption due to the presence of water vapour and ox§gen as well as precipitation,

This investigation only concerns situations associated with reflection, refraci-
ion, scattering, and ducting which result from the local variation of the dielectrie
constant. Thesae efifects dominate at frequencies smaller than 3 GHe and they are
:ctivo besidea the absorption at frequencies higher than 3 GHz whick is not treated

ere.

The difference between the index of refraction of_vacuum (n = 1) and the actual
one at the earth’s surface has the amount of some 102, It is convenient to intro-
duce the refractivity N 6

N=(n-1)10".

Figure 1 shows the dependence of the refractivity N on the temperature T and the
relative humidity RH at a pressure of p = 1000 mb. The value of N = 320 corrésponds
for instance to { = 20 °C and RH = 50 %.

If we consider the boundary of two air messes 1 and 2 we get a discontinuity in

refractivity AN = N, - N,. For air maszes with the same temperature ( t = 10°C)

and pressure (p = 1000 mb) but a different relative humidity RH, = 100 % and RE, =50 %
AN amounts AN =

Soncerning ionospheric propagation the index of refraction is characterized by
the density of free electrons N. [bm'3 and the frequency of the incoming wave. Here
the value AN = 30 egainst vacuum is reached for instance if we aasume an electron

~7 at 1 GHg, respectively (}igure 2).

density of 8-10> cm™> at 100 MHz and 8:10° cm

2, ATMOSFHERIC STRUCTURE

If the index of refraction is not equal one but conastant no influence on the
straight-line propagation will occur. Only the variability of temperature, humidity,
and presgure in time and space due to the present structure of the atmosphere in-
duces a variability of refractivity and effects the electromagnetic wave propagation.




2.1 THE NORMAL HORIZONTAL STRATIFICATION

Due to the force of gravity of the earth the density of the air decreases ex-
ponentially with height; therefore the air is horizontally stratified around the
earth’s surface. The correaponding refractivity decreases like the density of the
air exponentially with the height h to

: 7’;1 N(h)=N!exp(-§) (1)

where Na is the value of N at the 4“eight zero (assumed to be the height of the sur=

face) end H is the scale height. This profile is introduced as standard atmosphere,
The relation (1) can be linearly approximated by

B A b Erabl e S

_ 1 oN
N(h)-NB(1+N;SEh) (2)
where %% is assumed to be conscant. Introducing AN(h) = N, - N(h) and checosing
h =1knm, we get for %§-~'é§ = Na - N1km‘ The value Ns - N1km as well as Ne

are averaged and world-wide known (Bean, B.R, et al 1960),

EETR

In the assumed profile of the atmosphere the rays are bended. Considering the
ray equation for a concentrically stratified medium together with (2) the rays can
be considered as straight lines if a new, effective earth’s radius Reff is intro-

duced by the relation

Eah

1
Repr = K R with k=——-a-—1+R = ( 3)
o Ik

with Ro = 6375 km,

4 The stendard e.mosphere can be approximated by k = 4/3., But in the real case
k depends on the present structure of the troposphere and the values of k vary

betwsan 1 and 3 (temperate climate), The case k = 1 corresponds . to %ﬁ =0 and
the case k = 3 to %% = 10-‘..5-10'6 km™'. The derived value of the radio horizon 4
(Figure 3)

d = 3.57-yx\Wh' ( 4)

with h = height of the transmitter antenna yields foir the assumed values of k the
distributicn of Figure 4. Concerning h = 400 m the radio horizon varies between
71 and 124 km corresponding to k = 1 and k = 3,

The E~field inside the line-of-sight area is evaluated by the superposition
of the direct and the indirect rays. Near the radio horizon this interfersnce field
pasges over to the diffraction field characterized by a rapid field strength decrease
with distance from the transmitter for the here trested wave lengths of the UHF
range as well as shorter waves. The location of this transition zone varies due to
the value of k., If the location of the radio horizon ie moved to greater distances
from the transmitter the level vf field strength increases considerably beyond the
horizon previously defined by the standard atmosphere,

2,2 THE ATMOSPHERE WITH EMBEDDED DISCONTINUITIES 3

With regard to reality there are more or lees wide-spread discontinuities
embedded in the normal stratified atmosphere, These discuntinuities result from air
masses which differ in temperature and humidity from the surroundings, Thege diffe-
rent air masses correspond to dynamioc proncesses in the atmosphere like radiation,
advection, subsidence, and turbulence. Areas of differsnt air masses correspond to
areas of different refractivity. Tor mathematical treatments it is assumed that they
are separated hy a houndary. By these boundaries effects like reflection, refraction,
and ducting are stimulated as well as foocussing and defocussing which are present
if the waves are not only considered as rays but also as beams. Enhancement as well
as diminishing ~f field strength follow compared with the field strength associated
with a standard atmosphere. These effects cannot be neglected if the incidence at
the boundary occurs with small grazing angle. Fhase effects will appear at every
direction of incidencr .

A 8similar situation arises in the ionosphere if there are embedded areas of
different concentration of free electrons compared with the surroundings. It can be
shown that this kind of ionospheric areas will be active up to 100 GHz if the thiock=-
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ness is sufficient (Pengler, C. 1972).

2.3 NOISE e / ﬁ

The sky noise depends on frequency. TUp to 1 or 3 GHz the sosmic noise ie domi-
nating; 1t is a function of geogrsphicael location, seamon, and daytime. At higher
frequenciea the main contribution of noise originates frca water vapour and atmoe
spheric gases. The influence of precipitation is not considered here., At these fre~
quencies the noise therefore depends on air messes along the path and herewith on the
direction of the antenna, If in the considered direction only dry air masseas are pre-
sent, the noise temperature is smaller than in the case of wet air massea. In order
to come to an estimation of the influence of different air masmes, the sky noise for
dry air (relative humidity 50 %) and for very wet air (re%ative humidity 100 %) at
a temperature of 23 °C and elevation angles of 90° and 30° was derived from calou-
lations (Hogg, D.C. and Semplak, R.A., 1961) and is represented by Figure 5., Table 1
shows the sky noise temperature for 10 GHz and 6 GHz. Concerni the differences of
sky noise temperature between relative humidities of 50 % and 100 £ follow some de~

grees Kelvin for high elevation angles (90°) and about 10 degrees Kelvin for smaller
elevation angles (30°).

Table 1 Sky noise temperature in dependence on relative humidity RH.
elevation angle

10 GHg & GHe
RH 50 % 100 % 50 %4 100 %
’\9’= 90? Bky noise 3.8 S 3.0 4,2
¥ = 30%  tempera- 7.0 18 8 16

ture

3e EXPERIMENTAL RESULTS

The influence of particular weather conditions on various kinds of radio servi-
ces 1s studied with experimental links. i,e, line-of-sight ground links, links with
path lengthe near the value of the radio horizon, transhorizon links, and space -
earth links,

3.1 LINE-OP=SIGHT GROUND LINKS

From line-of-sight links, i.e, links with the distance tranamitter - receiver
within the radio horizon, numerous measurements are known which show the influence
of the troposphere, Such links are characterized by small variations of the average
field-strength level. However, during the morning and the early night of calm days
with strong radiation fadings can be observed with depths up to 50 dB (GroSkopf, J.
1970), in particular if running over moist ground. These deep fades are in accordance
with the conception of the formation and deformation of ground-based discontinuities.

3.2 FIELD STRENGTH NEAR THE RADIC HORIZON

Comparing the diurnal variation of the mean field strengths at the receiver of
a path with a length of about: the distance of the radio horirzon (k = 4/3) with line-
of-sight links as well as transhorizon links of sufficient path length we get a large
diurnal variation of the field in the erea nsar the radio horizon. This is due to the
diurnal variation of the factor k (Figure 4). In Figure 6 the mean diurnal field-
strength variations of paths of 115 km, 200 km, and 320 km at 0.5 GHz are plotted for
days with strong radiation, The variatione result from radiation processes in the
lower troposphere (Fengler, G, 1964), In opposition to links over land, which are
treated here, links over sea show no pronounced diurnal variation because of the heat
retaining capability of water.

3.3 TRANSHORIZON LINKS

If only the presence of the standard atmosphe = is presumed transhorizon links
should have field strengths nearly constant with time due to scattering as the pre-
dominating propagation mechanism., In reality these links show field-strength varist-
ions according to the influence ¢f embedded discontinuities in the “roposphere
(Pigure 6). An example of this influence gives a detailed analyeil; of field strengths
observed on paths of 115 km, 200 km, 270 km and 320 km lengths at a frequenoy of 0,5
GHz over three days (Figure 7, Fengler, G. 1964). A pronounced dependence on the

R d
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height of the layer over the paths can be clearly seen from this example, This corre-
lation was confirmed by the statistical evaluation of a great number of field strength
recordings with respect to the presence of the height of the simultaneously observed
discontinuity.

Other observations show the influence of a front pamsage on the fiadld atrength.
Due to the variation of the turbulence properties in the are¢a of a front the acatter
field diminishes (Albrecht, H.J, 1968),

3.4 EARTH - SPACE LINKS

Due to the ray bending in the standard atmosphere the rise time of an orbiting
satellite in a height of 750 km has an anticipation of about 4 sec, in opposition to
the geometrical path (without atmosphere), The set time has a corresponding delay of
4 sec. However, the analysis of a great number of observations of riee time &t 0.136
GHz show in about 50 % of all cases deviations from the calculated value of 4 sec.
and in about 15 % considerable deviations which are due to particular weather corie
ditions (Table 2; Fengler G. 1971).

Table 2 Satellite rise time (by radio measurement) and corresponding
meteorological conditions

Radio effect (136 MHz) VNeteorological Condition

anticipation 7 30 sec cold front in direction of satellite

delay O to 60 sec thrust of wet warm air in direction of satellite
delay > 60 sec, strong dianontinuities in strong high pressure
system

It follows that very strong discontinuiti~= Juring days with strong radiation in the
central aree of an extersive high pressure system and embedded warm and wet air
masses cause a delay of rise time. This result can be interpreted in terms of ray
deflection or defocussing at boundaries in suitable position., Otherwise an antici-
pation of rise time 1s observed if the observations of the satellite signals occur
at the periphery of a high pressure systom and when in particular the influence of a
cold front is effective. 're interpretation of the anticipation of rise time due to
the meteorological conditions follows in terms of ducting processes at the boundary
batween warm and cold air and the ground, Disturbances due to these meteorological
conditions are confirmed by other observations.

4. CONCLUSIONS REGARDING TCQ RADIO INTERFERENCE

Considaring radio interference the preceding results according to field strength
enhancements compared with field strength corresponding to the standard atmosphere are
of particular interest. It was found that field strength enhancements can be explained
by an increase of the k-factor and herewith by an increase of the radio horizon, by
reflection and du-cting processes due to the presence of groun.d-based and free dis-
continuities in suitable position and intensity as well as by the influence of cold
fronts. The common weather conditions belonging to the described effects are the pre=~
sence of a pronounced high pressure system where radiation causes the formation of
discontinulities or where boundaries arise by advection in face »f cold air masses,

The more these weather siiuations are pronounced ihe stronger should te the efrect,
i.,e, the enhancement of field strength., Tnhancement of field strength means enlarge-
ment of the range of the considered service, that often means interference with other
services operating on the same frequency., Of same interest is of course the case of
diminishing of field strength which promotes interference,tco, if it becomes necessary
to increase the sensibility of the receiver, It was outlined that this will occur
with satellite paths in the centre cf atrong high pressure systems as well as in con-
nection with a thrust of warm and wet air followed by a cold front,

The importance of a high pressure system for the occurence of extended redio
ranges resulis also from investigations done by Fehlhaber and GroSkopf (1968).

Although moast of the observations are concerned with the VHP- and UHP - rangesn
it has to be expected that outlined weather connditions will effect other frequencies
too; but not in such a severe form like precipitation is doing.
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DISCUSSION

E, CHIARUCCI: Data on the minimum wvalue of the tropospheric index k as a function of
distance are known and have been published (for a given climate). These data are cur-
rently used to determine the minimum distance to the radio horizon and path clearance
for line-of-gsight communication systems; however, from the standpoint of interference,
what one would like to know is sometling about the maximum values of k which are not
exceeded for a given percantage of tha time, say 99.9%. Does the speaker know of any
published experimental data in this sense?

C. FENGLER: I do not know of any published data for this part of the distrihution of
k values.

1
1
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LES CHARGES ELECTROSTATIQUES ET LES PERTURBATIONS QU'ELLES ENTRAINENT DANS LES LIAISONS RADIOELECTRIQUES
C. Pévrot, SEFTIM, 19, rue Lagrange, 75005 Paris, France
Introduction

B
¥
i
3

Lag charges électrostatiques qut ae crdent dans l'atmosphére peuvent géndver des décharges atmosphdriques
: - susceptibles de détruire, tcut ou partie, d'un adronef ou d'un engin et en tous cas de perturber forte~
: ment le fonctionnement des liaqisons radio, des calculateurs, ete ...

L'expogé prdsent ne traitera pas de cet aspect trds important du probléme. D'autres types de charges
perturbent, par diffédrents mécanismes, lee télécommnications. Ce asont celles qut se déposent, se
erdent, &'évaouent ou ge recombinent A la surface de !'adronef.

I.1. L'équipotentialitd de la surface des aéronefs :

Lea charges dlectrostatiques qut ee créent A la surfacs des aéronefs auront une actionm tirds différente
antvant que la surface de l'adromef est isolante ou conductrice.

e T TG RS T T

Or, il eat dvident que la surface d'un aéronef ne peut &tre intégralement conductrice, ne gerait-ce que
par la néressité de recevoir, sur les antemneg, les champs électromagnétiques extérieurs.

a) les chargee qui ee répartisaent sur une surface métallique, en ratson de la bonna conductibilité d'une
telle surface et de la faible valeur dee charges, om pourra considérer cette surface comme parfaitement
dquipotentielle. Mais, et c'est 1d ou réside le phénoméne important, la différence de potentiel entre la
surface et l'atr ambiant peut &tre trée importante.

e e——————

b) les charges qui se créent, séjourment et se recombinent sur les surfacee tsolantes, 14 également
les différentes da potentiel peuvent &tre dlevées entre ccs surfaces et l'air ambiant, mats également
entre deur pointa de la surface méme trds proches.

I.2. La crdation et l'dévacuation deg chargas électrostatiques :

o T—— AT E—— o ¥ v

Le tableau ci-dessous que nous commentesons en IT. schémutise l'origine des charges électrostntiques :

tnfluence des champs élestriques extérieurs

frottement sur les particules neutres et
Création et évacw:itcn par un phénomdne 1i¢ triboélectricité
au milieu ambiant

collecte de charges prééxisiantes.

dvacuation par les déperditeirs de potentiel
g - involontatres
Création et évacuation par un phénoméne 1ié - volontatires
a 1'adronef

dvacuation par les gaz tonisés des moteurs.

T

Nous n'incorporons pas, dang ce tchleau, les créations ou dvacuations de charges dans des circonstances
E rarticuliéras :

- fretnage au sol sur une ptste séche, -
- aéparation des dtagee d'une fusée,

- ravitatllement en vol,

- ete ...

I.3. L'influence des charges électrostatigues sur l'environnement et les communications radioélectriques

Sur le plan purement radioélectrique, la présence des charges électrostatiques as traduit par :

* a) lorsqu'elles aont relativement peu nombreuses, l'augmentation du bruit de fond (bruit blanc ou peu !
différent du bruit blanc)

b) lorsqu'elles sont importantes, par des décharges se tradutsant par un brouillage tntense,

Crédaction des charges :@ leé rdle joué par la métdorologie

II.1. Influence des champa électriques extérieurs

Dans une atmosphédre non chargée, mis ol régne un champ électrique, 11 y a fatalement une différence de
potentiel entre la atructure conductrice et l'atmosphdre. Or, de tela champs extstent au voisinage du
8ol ou d'un cwmulo-nimbus, par exemple.

II.8, Frottement et tribodlectricttéd

C'est la source de charges 4lectriques la plus fréquente. Un nuage de cristauxr de glace, de poussidres
tndustrielles, de sable,etc ... @8t conetitué d'un trés grand rombre de microparticules. Entrafndes

par le vent, ces particules frottent notamment sur les bords d'attaque et dans certains cas sont rompues
par lui. Or, ces phénoménes 8'accompagneitde la crdation de charges dlectriques. ciene

e e o £ .
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Il eat dvident que l'étude de ces phénomines n'est pas simple car :

1. Il n'exiate pas de oyen au sol permettant d'étudier de tels phénomdnes dans les conditione réelles.
Une goufflerie restituant l'ambiance en régime supersonique 2 haute altitude, & échelle 1. est, pour le
moment du moins, du domaine de l'utoptie.

2, L'¢tude en moddle rddutt n'sst pas envisageable car la dimension et la forme des cristaux Jouent

suremant un grand rdle et tl paraft difficile de réaliser das cristaur de la dimenaton woulue ayant une
réelle honothétiie.

3. L'dtude direste en vol eat posatble , mais comme les charges dédpendent beaucoup des conditions métdo-

rologiques, il est tndrspenscble d’effectuer beaucoup d'heures de vol pour retrouver les mémes conditions
d'ambianca.

Crtte Jernidre méthode a déja fourmi cepsndant un certain nombre de lois que nous rdsumons ci-dessous :

a) la charge de 1'adronef par frottement ou par tribodlectri-itd rend toujours l'aéronef négatif par
ragport 4 l'atr ambiant,

b) le champ électrique autowr J2 l'aéronef résulte de la combinateom du champ dii aux charges abandonnées

sur l'avion avec le champ dil auxr charges spatiales qui, crééer aprds lc percussion du cristal, sont
entraindes par ceiut-ct,

¢) les cristaux de glacs sont, Q@ demsitéd dgale, tnfiniment plue actifs que les gouttes d'ecu des muages
8.

4. Lea charges crédes augmentent, toutes chosea dgales par ailleurs, avec lc vitesse, la Section drotte,
ete ...

II.3. la captation deg charges dlectriques prééristonies

Il eriste, le phénomdne eat connu depuis lomgtemps, des nuages conatituds de particules ae glace ou d'eau
chargées positivement ou ndgativement.

, . . o 2 1'aze
Dans un cumulo-nimbus 1'aéromef peut traverser, gutvant gon altitude et sa posi*ion par rapport

{ai l'on ose s'exprimer atnst), des sdnee de chavges poattives, négatives ou des zdnes de ~cl-urgee alter—
nativement positives et négarives et rdciproquement.

harg x i  ~totalt 1'adromef.
Or,ce8 c e8 aont extrémement importantes at pewvent §ire trunsportées en quasi totaltté.aur ron
Ce,phdnom#ne de "ecaptation" peut magquer totalement l'effet de froitement ¢t l'effet de tribodlectricits.

L'adronef pourra &tre done positif ou négatif, par rupport 1'atr ambiant et ce avec des tengions
extrémement élevdes.

IT.4. L'dvacuation das charges électriques pa: les déperditeurs de potentigl, volontairss ou non, ou
T Tdvacuation aea charges élactriques par les pointes :

Il est nototre qus loraqu'un conducteur dlestrique est charg{, au votsinage dea .pointes, les chargss
statiques ont tendance 4 8'évacuer. Le phénoméne connu depuia longtemps & 'applique heureusement et
malheureusement au cas qui ncus occupé. En effet, on ploce, de{:ute de non@nuscs aqﬂ‘c‘a, aur des adronefs,
des déperditeurs de potertiel qui sont tous bagés sur la propriéié des pointes. Mais il existe également
des dépenditeurs involomtaires : ce sont les angles vife de certaines pidces, ce sont l¢a antennes
loraqu’elles ne sont pas enzastrdes. En rdsumd, tout ce qut possdde une courbure plus ou moins accentude
#8t gusceptible J'Wvacuer des charges élactrostatiques.

Ce phénomdna sa produtt avec wn seuil. Nalheureusement, les bruits .dc fond auxquels r’loua avons fat:t al;lu-
gton dans les gdnéralités se produisent bien avani que ces dvacuations commgncent. D'autre part, 1,7: n'ect
pas poasibla de faire dvacuer par une pointe un courant extrimement intense en ruison de la création des
chargea spatiales qui freiment le phénomine.

['dtude mdme de la décharge des pointes dans des conditions d'ambiance d'un aéronef est assex mal comnue.

Nous reviendrons plus loin sur'l'aspect de la décharge par les pointes em parlant des verturbations qut
peuvent a¢ produigc sur lee antennes lorsque e potentiel de l'aéronef dépasse unse valeur exagd=de.

II.5. Fuecuation des charyes électriques par les gas tontaés chauds

1 éronefs possddent dus moteurs aesurant la propulsiom de ceuz-cti. Nous donnons au mot "motaur” un
53:: c;;rznmn{ ggonml. 8% on regards, sur le plan global, ceci veut dire qu'en utilisant souvent le
comburant de 1'asr, parfote un cumbrrant propre d 1'engin, on erpulse des gax plus ou moing e)fauqa vers
1'extérieur. Or, 0e8 gas ont une iunisation spomtanée du fait de la température dlevée, Si 1 wnwatwn‘
est négligeable, dane beaucowp de cas, il n'en est pas de rdme pour le¢s moteurs A rdaction & haute Ecnp -
rature et encore moins pour les tuydres des engina, les gas expulsds sont extrimement chaude ; 1500° ne
aont pas rares.

1 x gont toniads, ils possddent des charges plus et des charge:? motns, 512 lea charges dtatent
x:%::‘ﬁa :ngaqua:titlc idont;unu,pzl g8t ¢vident que la chavge de 1'avion n'en serait pas affectde mis
il n'en eat pas aingi, d'abord parce que les vitesses propres des itons me gon* pas identiques suivant
leurs signes, mais égalemant parce que loreque 1'adronef est aharyé le champ électrique ordd modifie la
répartition de ces charges,
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I tout cas, un fait expdrimental trds net est le paralldlisme entre la charge électrostatique d'un avion
raptde et la position des manettas dee gas ainsi que lua suppresaion totale de toute charge électrostati-
que en post-combustion,

Les_broutllages é .;g

Nous avons dit plus haut que lees charges électrostatiques brouillent lés télécommmications et ce par
dtvers mécaniames.

III.1, Augmentation du bruit de fond dans les récepteurs au sens général du mot

Nous avons dit que les charges dlectrostatiques étatent géndrées notamment par triboélectricité,
frottements ou captation. Dane tous les cas, cect veut dire que, lorsqu'une charge arrive le potenttel de
l'auion monte d'une fapgon discomtinue. Or, ces charges somt lotn d'&tre unitaires, c'est 4 dire que la
captation {''me goutte d'eau chargée dans un cumulo-nimbus correspond rom pas 4 un électron mais &
plusteurs c.ataines et méme pluateurs milliers d'dlectrona et ce 4'une fagom quasi-instantande. Ces mar-
ches d'escaliers dans le potentiel de l'avion se tradutsent on le catt par l'augmentation du bruit de
fond.

Il en eat de méme pour les déperditeurs de potentiel , lorsqu'un &lectron quitte la potnte, volontatire
ou non, d'un déperditeur de potentiel, il a'accompagne, par avalanche, d'un nombre relativement élevé

de descendants. Emfin, le phénoméne principal concerne les antennes encastrées et les surfaces tsolantes
ol {1 peut se créer des charges d la fols positives et négattves qui vont se recombiner au fur et d
mesure de leur augmentatiorl, ces recombinatsons amenant la disparition des charges certes mats aux
dépens de la création fugitive d'un courant électrique. Toutes ces causes multiples font que le bruit de
fond augmente en fonotion des charges. D'atlleurs, l'expérience a été faite maintes fois : plus la charge
électrostatique est élevde, plus le bruit de fond est important.

Dea mesures, qut ne sont pas trds précises, confirment que les bruits de fond sont pratiquerment des
bruits blancs. Ilg sont d'autant plus "bruite blancs” que la dimension des particules génératrices de
charges électrostatiques est petite. Ainsi, loraqu'un adronef est chargé, par suite de frottement des
eristaur de glace, de cirrus légers, autaint que les mesures permettent de l'affirmer, on obtient, sur

les antennes, un brutt blanc intégral. Par contre, lorsqu'il e'agit de traverser des couches de nuages

ol la densttd des charges est tréds élevéde, le bruit est loin d'étre blanc, lea composantes basse fréquence
prenant le pas sur les composantes H.F. dans les parasttes ds bruit de fond recueillis.

III.2. Les parastites par amorgage des déchrarges

Si le potenti:l de l'aéronef continue de monter, il va se superposer au phénoméne de brutit que nous
venona d'évoquer, '« phénomédne de décharge électrique qui sera cause de parasites infintment plus intenses.

Lorsque le potentiel augmente, les électrona qui sont t{esus de la pointe vont crder une frliation de plus
en plus nombreuse et de cette filiation elle-méme va arriver A se créer une autre filiation. On a amorgéd
wne décharge en avalanchg. Cette décharge enm avalanche a'accompagne en général d'émission de lumiére, muis
elle &'accompagne surtout de courants relativement tntenses et de parasites extrémement {mportants.

Le phénomdne 8'accroft encore lorsque la décharge peut s'amorger sur une antemne proprement dite. Ainst
une antenme encastrde peut &tre parturbée par des décharges qui s'amorgent d la surface méme de 1'isolant
ratis &galement une antenne type "fouet" peut trés bien, @ un moment donnd, jouer le rdle de déperditeur de
potentiel tnvolontaire et cn congott aitsément que l'amorgage d'une étincelle sur une antemne proprement
dite perturbe le fonctionnement des apparetls radioélectriques qui sonmt lids d cette antenne.

Généraiités sur la métallisation des aéronefs

La métalitsation des adronefu devrait, sur le plan des charges électrostatiques, étre totale, c'est Q
dire que l'enveloppe extdrieure de l'aéromef devrait étre constitude d'un corps conducteur. Certes, cette
conductibilité superficielle n'a pas besoin d'&tre excellente comme dans le cas d'un foudroiement mais
elle a besoin d'étre tmpeccablement continue.

IV.1. Les imperfections de la métallisation superficielle

Ceite métallisation superfictelle ne peut pas &tre parfaite pour des raisons extrémement variées.
Pagsons en revue ces différentes raitgons :

- a) des raisong purement chimiques,
--b) l'utilisation de peintures & des fing J'tdentification,
- ¢) llextstence des antennes encastrées,
- d) 1'extstence des ptécea transparantes,
~ e) enfin, pour des ratsons purement mécaniques, on 8'oriente de plus en plua vers i'uttlisation de ma~
tidres plastiques, plus légdres Q résistance égale.
»
IV.2. Protection par des couches superfictelles

Il n'est pas indispensable d'avoir une conductibilité parfatte pourvu que celle-ci soit continue. En
effet, les courants Q véhiculer sont toujours tréds faibles et méme 8i la résistance superfictelle n'est
pas nulle ou négligeable, les différerces de potentiel entre dewxr pointe de l'adronef seront, em tout
état de cause, trés fatbles.

Le problémz ge scinde en deux :

!
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8.4

1. pcut-on trower une peinture transparents dont la conductibilitd soit indifférente ?
On couhaitsratit mime qu'elle soit excellents,

8. et des psintures dont la réatetivitd peut 8ire relativement élevde amenant ainei d chercher un compro-
mie sntre le désir de supprimer les charges électrostatiques donc & diminusr le bruit dans lo récepteur
et la désir de ne pas stopper le passage des ondes radioélectriques, o'est & dire de laieser le signal
cttetndre 1'antenne.

Nalheureusement il faut cherchsr des peintures, em acoordant 4 ce mot un sens trds général, qui

possddent des qualités difficiles A trouver. Ces "peintures"” doivent étre solides mécaniquement, résister